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ABSTRACT
Sheppard, James Bereman. PhD. The University of Memphis. July, 2016.
Voltammetric Determination of Diffusion and Partition Coefficients in Plasticized
Polymer Membranes. Major Profession: Ernő Lindner, PhD.
Chemical and biological sensors are often constructed as multilayer systems in which a
base electrode is separated from sample by one or more polymer membranes. Wellknown examples include blood glucose sensors and immunosensors, which are used to
diagnose and monitor medical conditions for millions of patients each year. More
recently, a plasticized PVC membrane-coated voltammetric sensor for the anesthetic
propofol (chemical name: 2,6-diisopropyl phenol, abbreviation: DIPP) has been
developed. The response of this sensor is strongly influenced by the diffusion coefficient
of DIPP (Dm) in the PVC membrane and the partition coefficient of DIPP (Pma) between
the membrane and aqueous solution. Sensor selectivity is controlled by the ratio of the
Pma of DIPP vs the Pma of potential interferents (e.g. acetaminophen (APAP)).

Planar electrochemical cells (PEC) with carbon fiber working electrodes were used to
voltammetrically measure Dm in plasticized PVC membranes and plasticizer solutions.
To determine Pma values for a variety of analytes, the concentrations of these analytes
were measured with the PECs before and after the membranes were equilibrated with
aqueous solutions. The Dm and Pma values of ferrocene carboxylic acid (FcCOOH), DIPP
and APAP were measured. PVC membranes and plasticizer solutions were made with
either 2-nitrophenyl octyl ether (oNPOE), bis(2-ethylhexyl) sebacate (DOS), or 1-octanol
(octanol). Membranes were cast with 1/2, 1/4, or 1/8 PVC/plasticizer ratios. Dm
increased with decreasing plasticizer viscosity and with decreasing PVC/plasticizer ratio,
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in agreement with the Stokes-Einstein model. However, the Dm of APAP in plasticizer
solutions were only about half their theoretically estimated value, while the Dm of DIPP
in plasticizer solutions were almost twice their theoretically estimated value. Pma values
strongly depended on the lipophilicity of the analyte and the plasticizer. Pma of DIPP
(very lipophilic) increased with plasticizer lipophilicity, while the Pma of APAP (less
lipophilic) decreased with plasticizer lipophilicity.

The voltammetric methods for measuring Dm and Pma are a useful complement to
conventional methods where those are complex or unfeasible. The methods support the
characterization and optimization of membrane-coated sensors and provides a simple
possibility for the quantification of diffusion and partition coefficients in other
applications of soft polymer membranes.
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Chapter 1. Introduction
Membrane-Coated Electrochemical Sensors
Electrochemical sensors with a one or more polymer membrane layers are
commonly used to assess and monitor medical conditions of millions of patients annually
(2, 3). Well known examples include blood glucose sensors and immunosensors. One
common design is an electrochemical cell in which one or more electrodes are coated
with a plasticized polymer membrane. Examples of this type of sensor include, sensors
for the quantitative assessment of 'thiocyanate' (4), a detoxification product of hydrogen
sulfide; ‘imipramine' (5), an antidepressant; 'heparin' (6), an anticoagulant; and 'propofol'
(7, 8), a an intravenous anesthetic (chemical name: 2,6-diisopropyl phenol, abbreviation:
DIPP).
The roles of a plasticized polymer membrane may include: (i) extension of the
detection limit of the voltammetric sensor, i.e., concentrating the analyte in the membrane
through selective extraction; (ii) prevention of electrode fouling, such as has been
observed with some uncoated electrodes (9), and (iii) enhancement of the selectivity of
the sensor by preventing interferents from reaching the sensor surface (4). Membranes
are commonly plasticized with highly-lipophilic plasticizers to selectively take up
lipophilic analytes. As such, they may also be described as a 'polymer inclusion
membrane' (10). The capability of a membrane to fulfill these roles is controlled by the
material properties of the membrane, which are, in turn, determined by the membrane
composition. Plasticized polymer membranes are typically composed of a polymer, a
plasticizer, and one or more additives. A variety of polymer types may be used in these
membranes, including: high-molecular weight PVC (7), aminated PVC (11),
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hydroxylated PVC (12, 13), carboxylated PVC (14), cellulose triacetate (10),
polyurethane (15), etc. Commonly used plasticizers include: 2-nitrophenyl octyl ether
(oNPOE) (10), bis(2-ethylhexyl) sebacate (DOS) (14), 1-octanol (16), and several others
(10, 16). The incorporation of 'carrier' (10) additives in membranes is a common way of
facilitating extraction of specific analytes into the membrane: for example, the addition
of ionophores to the membranes provides the unique selectivity of ion-selective
electrodes. Organic electrolytes (i.e. lipophilic background electrolytes, or room
temperature ionic liquids) may also be incorporated into these membranes to increase
membrane's electrical conductive (14, 15).
The research described in this work is part of a project to improve the analytical
performance of the membrane-coated DIPP sensor. Characterization of the sensor’s
membrane coating is an essential part of the sensor optimization. In particular,
determination of the diffusion coefficients (Dm) in the membrane and the
membrane/aqueous partition coefficients (Pma) for both analyte and interferents are
essential.
DIPP and Target-Controlled Infusion Anesthesia
DIPP is a widely used, highly-lipophilic intravenous anesthetic known for
facilitating both fast induction and rapid emergence of anesthesia. The target steady-state
concentration range of DIPP in blood is between 0.25 – 4.0 μg/mL (or equivalently, 4.0 –
22.4 μM). These target concentrations are usually achieved by administering DIPP at
infusion rates between 0.3 and 3.0 mg/kg/h. Bolus injections are associated with
temporary spikes in blood concentrations, sometimes reaching up to 85 μM (17-20).
Pharmacological differences between patients create significant “variability in dosage
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requirements” (17). These pharmacological differences may be based on genetics, age,
weight, sex, injury, or illness. In practice, physicians must continuously observe patients
under DIPP sedation and adjust dosage according to their apparent sedation (21).
Target controlled infusion anesthesia (TCIA) is a form of DIPP infusion where
the infusion rate is electronically controlled based on pharmacokinetic simulations. One
example is the Diprifusor system, which is commercially available in Europe and Asia.
Such TCIA systems have been shown to be as safe as traditional DIPP infusion and are
preferred by physicians because they are easier to use (19), however, they do not provide
patient specific dosage control: i.e. they do not account for the patient specific
“variability in dosage requirements”.
Accounting for patient specific variability via “feedback-controlled” TCIA
systems would help doctors to achieve and maintain the target concentrations in diverse
populations of patients. Measurement of brain activity with the bispectral index (22-24)
has been used to assess the necessary DIPP infusion rates to keep the concentration of
propofol within a pre-determined window. However, use of these systems is limited to
research settings (25). Real-time measurement of DIPP concentration in blood offers an
alternative metric for feedback-controlled TCIA. Such measurements could update the
pharmacokinetic simulations in the TCIA systems and the infusion rates could be
automatically adjusted to bring DIPP concentrations back to their target value. However,
these measurements must be performed in real time with sufficient precision, accuracy,
and specificity (8, 26).

If these criteria can be achieved, monitoring DIPP concentration

in whole blood during anaesthesia could enable safer and patient-specific DIPP sedation
(7, 27).
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The membrane-coated DIPP sensor is used as the model application throughout
this work. To quantitatively describe the response of this sensor, the Dm and Pma values
of the target analyte (DIPP) and possible interferents (e.g. acetaminophen (APAP)) (8,
26), were determined.
Determination of Diffusion Coefficients in Membranes
Diffusion is the movement or flux of particles along a concentration gradient. For
a one-dimensional system with Cartesian coordinates, the diffusion coefficient (D) is the
proportionality factor relating the flux (J) to the concentration gradient (δc/δx), as
described by Fick's 1st law.
𝐽 = −𝐷

𝛿𝑐
𝛿𝑥

Eq. 1

Performance of membrane-coated electrochemical sensors is affected by the
molecular diffusion coefficients of species in the membrane (Dm) (28-31). For example,
the sensitivity of the DIPP sensor is affected by the Dm of DIPP. In practice though, Dm
values are generally not available for custom-made membranes (e.g., plasticized PVC
membranes), and conventional techniques for measuring the diffusion coefficients of
specific analytes (e.g., DIPP and APAP) may not work in such media.
Various techniques have been described for measuring diffusion coefficients in
PVC membranes. For example, radio-tracer and NMR methods have been used, but they
require either radioactive analytes or complex equipment, respectively (32, 33). The
coefficient of variation (COV) of the diffusion coefficients determined with these
techniques has been between 5 and 20%. Long and Bakker described an optical technique
for measuring the diffusion coefficient of chromoionophores in PVC membranes (31).
4

Unfortunately, this method could be used only for the determination of diffusion
coefficients of compounds with a high molar absorption coefficient and only in
transparent media. The COV of diffusion coefficients determined by the method of Long
and Bakker's were in the range of 1 and 7%. Bodor et al. described a chronoamperometric
and a chronopotentiometric technique for measuring diffusion coefficients in ionophore
loaded ion-selective membranes sandwiched between two aqueous solutions (28). Before
the measurements, the membranes were equilibrated with aqueous solutions for ~16
hours. Unfortunately, the method of Bodor et al is limited to ionophore-loaded “organic”
membranes fully equilibrated with aqueous solutions. The COV of the
chronoamperometric and chronopotentiometric determinations of the diffusion
coefficients by Bodor et al's were in the range of 1 and 20%.
Geng, Reed, Longmire, and Murray (34) described voltammetric techniques for
measuring diffusion coefficients in poly-ethylene oxide, PEO (also known as
polyethylene glycol, or PEG) melts using a platinum microelectrode based planar
electrochemical cell. They measured the diffusion coefficient of various coordinating
transition metal complexes and derivative compounds (35-37). For example, they
determined the diffusion coefficient of the PEO polymer by covalently bonding the metal
complexes to PEO molecules (38). The authors calculated the diffusion coefficients from
the characteristic features of cyclic voltammograms (34), chronoamperograms (36), and
ac-voltammograms (35) which they collected. The COV of Geng. et al's measurement
were between 5 and100%. The method described in this dissertation is a modification of
the methods of Geng et al. (34). The utilization of a carbon fiber microelectrode as
working electrode in the PEC extended the spectrum of analytes that can be
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electrochemically oxidized on the working electrode such as DIPP and APAP. As
Langmaier et al. (9) showed, measurement of DIPP required carbon electrodes.
The Stokes-Einstein relationship (39) Eq. 2 is frequently used to estimate
diffusion coefficients in liquids (40). The relationship models diffusion as the translation
of spherical particles through a continuous viscous fluid. The Stokes-Einstein
relationship, is:
𝐷=

kBT
k s 𝜋𝜂𝑟

Eq. 2

where diffusion coefficient (D) is a function of the Boltzmann constant (kB), absolute
temperature (T), the radius of the spherical particles (r), the fluid viscosity (η), and the
Sutherland coefficient (ks). As described by Vorotyntsev et al. (41), the Sutherland
coefficient is equal to 6 if there is “no-slip” (41) between the particle and the viscous
fluid, while if there is effectively no friction or interaction between the particle and fluid,
i.e. there is “full-slip” (41), then ks = 4. Intermediate cases where there is partial slip are
also possible (41). The effective radius of the analyte molecules can be estimated from
Eq. 3,
1⁄3

𝛺𝑒𝑝 (3⁄4)
𝑟=(
)
𝐴𝑣 𝜋

Eq. 3

where Ω is the volume per mole of the analyte, ep is the packing efficiency of tightlypacked spheres, and Av is the Avagadro's number. Packing efficiencies for spheres and
spheroids range from 0.64 to 0.74 depending on the exact shape of the molecules and
packing protocol (42). For this work, we assume a packing efficiency of 0.7. See
Appendix A for our estimates of molecular radii.
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Plasticized PVC membranes in the literature are sometimes termed as “liquid
membranes” due to their very large plasticizer content (up to 66%). Consequently, the
diffusion of molecules through a plasticized polymer membrane may be modeled in a
similar way to viscous liquids, i.e., with the diffusion coefficient being inversely
proportional to the membrane's viscosity. The membrane viscosity is dominated by the
PVC content (43) and the viscosity of the plasticizer. With decreasing PVC content, the
diffusion coefficients are expected to be higher. Once the diffusion coefficient of an
analyte has been determined in a polymer membrane of a given composition, the
diffusion coefficients of other analytes can be estimated using the Stokes-Einstein
relationship considering the ratio of radiuses of the two analyte molecules. For analytes
with no available radius or volume per mole values, molecular mass can be used to
estimate the molecular size.
In summary, most of the methods for measuring diffusion coefficients are quite
complex or difficult to adapt to the membranes and analytes, which are important in
membrane based chemical sensors like the DIPP sensor.
Determination of Partition Coefficients between Membranes and Aqueous Solutions
Partition coefficients (P) describe the relative affinity of a species for one medium
versus another. They are defined as the concentration ratio of a compound between two
immiscible phases at equilibrium, i.e., an organic and aqueous phase. The “sensitivity”
and “detection limit” of membrane-coated voltammetric sensors are strongly influenced
by the partition coefficient, Pma, of the analyte between the membrane and sample
solution (e.g. blood, urine, etc.) (1). The “selectivity” of such sensors is controlled by the
ratio of the Pma of the analyte vs the Pma of possible interferents. In the case of the DIPP
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sensor, membranes with a high Pma for DIPP and low Pma for APAP would be ideal.
Unfortunately, the Pma values are generally not available for the membranes and analytes
with critical importance in chemical sensors and the reported methods for measuring the
Pma values may not work for the combination of analytes (e.g., DIPP and APAP) and
membranes of interest (e.g., different PVC membranes).
Partition coefficients are generally determined by 1) partitioning the analyte of
interest between two immiscible phases of known volume, either by the "shake flask"
method or by a flow-through method (44), and 2) measuring the post-partition
concentration in one or both phases. Chen and Weber (27) applied the shake flask
method for the determination of the partition coefficients of several analytes between cast
membranes and aqueous solutions. The post-partition concentrations of these analytes
were measured by spectrophotometry. They reported COV between 3 and 30% for their
measurements. Oesch and Simon (45) measured partition coefficients of plasticizers and
ion-selective ligands with a similar method. Following that work, Dinten et al. (46)
monitored the leaching of chromoionophores from optode membranes
spectrophotometrically during continuous flow conditions. However, these optical
methods only work for chemicals with a high molar absorptivity coefficient and only
when those chemicals are in transparent media. In the same publication, Dinten et al (46)
used reversed-phase thin-layer chromatography to measure the partition coefficients
(PTLC) for a range of ionophores and plasticizers used in ion-selective electrodes based on
the retention times of standards with known partition coefficients between octanol and
water (Pow). Kivlehan et al. (7) estimated Pma values from the change in the voltammetric
current upon coating the working electrode with a membrane. However, for calculating
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Pma values with Kivlehan's method, the diffusion coefficient in the membrane must be
known. Oesch and Simon (45) also measured partition coefficient of valinomycin by
radio-tracer method.
The logarithm of the octanol-water partition coefficient (logPow), is often used as
a measure of the lipophilicity of a compound (27). The logPow values determined with a
variety of direct and indirect methods are available for many compounds (47).
Compounds with large logPow values are considered highly lipophilic. The logPow values
are sometimes (27, 45, 46, 48) used to estimate membrane-aqueous partition coefficients
(logPma). Since the partition coefficient of APAP has been extensively studied (logPow of
APAP = 0.3~0.5) (49), it may be used as a standard for validating new methods for
measuring partition coefficients. The COV for published logPow values ranges from 5 to
25% (47).
In summary, the adaptation of existing methods for the measurement of partition
coefficients analytes between an aqueous sample and membranes relevant to the DIPP
sensor appears to be challenging.
Voltammetry
Voltammetry is an electroanalytical method used for decades (40) to measure the
concentration of a wide variety of analytes that can be oxidized or reduced on an
electrode material, usually metal or carbon. In voltammetry, electrodes are placed in
contact with an analyte-containing media and potential is applied across the working
(WE) and reference (RE) electrodes, while the current flowing between the working and
counter (CE) electrodes is recorded. The measured current is a function of the
concentration of the analyte, the geometry (e.g. shape and size) of the working electrode,
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and the diffusion coefficient of the analyte. Consequently, if the analyte concentration
and the geometry of the working electrode are known, then voltammetric methods can be
used to determine the diffusion coefficient. Inlaid disc-shaped electrodes are commonly
used as working electrodes (1) due to their well-defined shape and easily renewable
surface area. Inlaid disc working electrodes are often formed from carbon, gold, or
platinum wires/bars, which are encased in glass or plastic housing to provide physical
support and electrical insulation. In voltammetric experiments, commonly a platinum
wire or coil serves as counter electrode, while a silver-silver chloride or calomel electrode
is used as a reference electrode. When the three electrodes are immersed in an electrolyte
solution, they form an electrochemical cell. See Fig. 1.

Fig. 1. Schematic of a Traditional Electrochemical Cell.
WE: working electrode, CE:Counter electrode, RE:reference electrode.
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One common type of voltammetric technique is 'linear sweep voltammetry’ in
which the potential of the working electrode (E) is swept from a 'first potential' (E1) to a
'second potential' (E2) at a constant 'scan rate' (v). The current vs. potential plot recorded
during such an experiment is called a linear sweep voltammogram (LSV). If an analyte
in the solution can be oxidized or reduced on the working electrode surface when the
working electrode potential is scanned between E1 and E2 (its standard redox potential
(E0) is between E1 and E2), then the current vs. potential trace of the LSV can be
described with Eq. 4 (1).
peak-shaped term
1

𝑖(𝐸) =

1
𝑛𝐹𝐴𝐷2 𝐶

sigmoidal term

𝑛𝐹𝑣 2 1
𝑛𝐹𝐴𝐷𝐶[𝜙(𝜎𝑡)]
(
) [𝜋 2 𝜒(𝜎𝑡)] +
𝑅𝑈𝐺𝐶 𝑇
𝑟

Eq. 4

where the current (i) at every potential throughout the scan is a function of the number of
transferred electrons (n), Faraday's constant (F), the area of the disc-shaped electrode (A=
πr2), the diffusion coefficient of the analyte in that solution (D), the concentration of
analyte (C), the scan rate (v), the universal gas constant (RUGC), absolute temperature (T),
radius of the electrode (r), and two terms which vary with the potential relative to the
standard potential of the oxidation/reduction reaction (π1/2 𝜒 (σt) and 𝜙 (σt)). The values
of these two terms are available in Table 6.2.1 of the book by Bard and Falkner (1). Use
of this equation assumes that the analyte diffusion is the rate limiting step of the overall
electrochemical reaction. We assume this to be the case for all measurements in this
study.
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Fig. 2. Simulated Linear Sweep Voltammograms Using Eq. 4. The Parameters
Were Selected so that the Peak-shaped Term (left) or the Sigmoidal Term (right)
Dominates the Shapes of the Curves. Variables used to create the left
voltammogram: n = 1, F = 96485 C/mol, R = 8.314 CV/Kmol, C = 10-6 mol/cm3, r =
5x10-2 cm, D = 10-6 cm2/s, v = 0.1 V/s, T = 298 °K. The arrows between the left and
right figures indicate multiplication factors to produce the figure on the right from the
figure on the left: either multiply r by 2x10-3, or multiply D by 105, or multiply v by
10-5, or multiply T by 105 and recalculate the currents (i(E)) per Eq. 4.
As shown in Fig. 2, the voltammograms are peak-shaped when the first term in
Eq. 4 is significantly larger than the second term and are sigmoidal-shaped when the
second term is significantly larger than the first term. The voltammograms may also be of
intermediate shape if neither term in Eq. 4 dominates. By changing the experimental
variables, the contribution of the two terms to the overall current will also change.
Voltammetric experiments in which the potential is swept from E1 to E2 (forward sweep),
and then back from E2 to E1 ('reverse' sweep) are termed as ‘cyclic voltammetry’. The
current vs. potential plot recorded during a cyclic voltammetry experiment is called a
cyclic voltammogram (CV).
Diffusion Layer
If the peak-shaped term or the sigmoidal term of Eq. 4 dominates the measured
current, then Eq. 4 may be simplified. If the first term dominates, then Eq. 4 may be
simplified to Eq. 5: i.e. the 'Randles-Sevcik' equation in which 𝑖𝑝 denotes the peak
12

current. If the second term dominates, then Eq. 4 may be simplified to Eq. 6 in which 𝑖𝐿
denotes the limiting current. Eq. 6 is referred as 'microelectrode' equation since it
provides the steady state current at a micro disc electrode.
𝑖𝑝 = 269000𝑛3⁄2 𝐴𝐷1⁄2 𝐶𝜈 1⁄2

Eq. 5

𝑖𝐿 = 4𝑛𝐹𝐷𝐶𝑟

Eq. 6

The difference between the two terms in Eq. 4 may also be described in terms of the
shape of the “diffusion layer”. When the peak-shaped term dominates, then diffusion is
mostly “linear” but when the sigmoidal term dominates, then the diffusion is
“hemispherical”.
Infinite Solution Assumption
Equations 4 to 6 are only strictly applicable in cases where the diffusion layer
does not exceed the geometric boundaries of liquid solution in which the experiment is
performed during the duration of the measurement. This is often called the “infinite
solution” case. Practically, the 'thickness' of the diffusion layer (δ) is estimated (1) from
Eq. 7:
𝛿 = (𝐷𝑡)1⁄2

Eq. 7

where the diffusion layer thickness is a function of the diffusion coefficient (D) and the
time (t). The infinite solution criteria may not be met in experiments in thin layer cells
and in experiments where the working electrode of a voltammetric cell is coated with a
thin membrane. 'Spin-coating' or 'dip-coating' the working electrode surface or the entire
electrochemical cell with a membrane may create such conditions. If the membrane is
thin enough, the diffusion layer may extend beyond the membrane into the solution in
contact with the membrane as shown in Fig. 3.
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Fig. 3. Schematic Representation of the Concentration Profiles at the Surface
of a Membrane-Coated Working Electrode in Contact with an Aqueous
Solution During a Steady-State Voltammetric Measurement. Distance from
the electrode surface (x), analyte concentration in the membrane (Cm), membrane
thickness (φ), partition coefficient (Pma), aqueous diffusion layer thickness (δ0),
bulk analyte concentration in aqueous solution (Ca*).
If the diffusion layer extends beyond the membrane into the solution the current
measured with a membrane-coated electrode may be influenced by the mass transfer
through the aqueous diffusion layer (Eq. 8), the mass transfer through the membrane (Eq.
9), or the mass transfer through both (Eq. 10) (1).
𝑖𝐿𝑎 = 4𝑛𝐹𝐷𝑎 𝐶𝑎∗ 𝑟
𝑖𝐿𝑚

Eq. 8

𝑛𝐹𝐷𝑚 𝑃𝑚𝑎 𝐶𝑎∗ 𝜋𝑟 2
=
𝜑

Eq. 9

𝑖𝐿𝑚 𝑖𝐿𝑎
𝑖𝐿𝑚 + 𝑖𝐿𝑎

Eq. 10

𝑖𝐿 =

where iLa is the limiting current controlled by the diffusion through the aqueous layer, iLm
is the limiting current controlled by the diffusion through the membrane, and iL is the
overall limiting current. These currents are function of the diffusion coefficient in the
aqueous solution (Da), the diffusion coefficient in membrane (Dm), the
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membrane/aqueous partition coefficient (Pma), the bulk concentration of analyte in the
aqueous phase (Ca*), and the membrane thickness (φ).
When the mass transfer through the membrane is the rate limiting process, the
thickness of aqueous diffusion layer is assumed to be negligibly thin. But, when the mass
transfer through the aqueous diffusion layer is the rate limiting process, the aqueous
diffusion layer increases throughout the measurement.
Solution Resistance Assumptions
Traditional voltammetry experiments are performed in the presence of high
concentration of ‘supporting electrolyte’ (1) to minimize the contribution of migration to
the measured current and the potential drop between the working and counter electrode
(“iR potential drop”) during the experiment (where, i is the current and R is the resistance
of the solution). In resistive media, the iR potential drop can be significant and distort the
shape of the voltammograms; i.e., Eq. 4 cannot be used to describe the current voltage
relationship in LSV and CV experiments.
Viscous or semisolid organic media, such as plasticized polymer membranes are
inherently resistive (15). To reduce the resistance of plasticized polymer membranes,
they are commonly compounded with supporting electrolytes (50). However, due to the
limited solubility and dissociation of supporting electrolytes this approach is often not
sufficient to adequately reduce membrane resistance. The use of microelectrodes,
however, drastically reduces “iR potential drop” because the current is very small (50).
For example, Geng, et al. (34) used planar electrochemical cells with platinum micro
working electrode to measure Dm values of ferrocene derivatives and other coordinating
transition metal complexes in “networked polyethylene oxide” melts (34, 35, 37).

15

Chapter 2. Materials and Methods
Reagents
Ferrocenemethanol, FcMeOH (97%); ferrocenecarboxylic acid, FcCOOH (97%);
acetaminophen, APAP (analytical grade); and propofol, DIPP (2,6-diisopropylphenol,
analytical grade) were purchased from Sigma-Aldrich. Supporting electrolytes potassium
chloride, KCl (Fisher), tetrabutylammonium hexafluorophosphate, TBAPF6 (Sigma
Aldrich), tetrabutylammonium perchlorate, TBAClO4 (Sigma Aldrich) were used as
received. Tetradodecylammonium tetrakis(pentafluorophenyl)borate, TDDA-TPFPhB
was prepared by metathesis of tetradodecylammonium chloride (Sigma-Aldrich) and
potassium tetrakis(pentafluorophenyl)borate (Boulder Scientific) as described previously
(8). Acetone (certified ACS, Fisher); acetonitrile (Burdick & Jackson);
dichloromethane, DClM (Arcos Organics); tetrahydrofuran, THF (Certified, Fisher) and
stabilizer-free tetrahydrofuran (Certified, Fisher); methanol (certified ACS, Fisher);
octanol (1-octanol, 99%, Acros Organics); 2-nitrophenyl octyl ether, oNPOE (99%,
Aldrich); bis(2-ethylhexyl)sebacate, DOS (Selectophore 99%, Fluka) were used as
received. Deionized water was purified by a Milli-Q Gradient A10 System (Millipore
Corp.). Membranes were fabricated from polyvinyl chloride, PVC (high molecular
weight, Fluka), plasticizer, and the organic electrolyte TDDA-TPFPhB. The membranes
contained 3% organic electrolyte with the balance made up of PVC and plasticizer at
PVC/plasticizer ratios of 1/2, 1/4, or 1/8. Plasticizer solutions were prepared in the same
way as membranes, just without any PVC. They were prepared as “membranes” with a
PVC/plasticizer ratio of 0/1. Most previous work (7, 8, 14) use membranes with the
PVC/plasticizer ratio of 1/2. Membranes and plasticizer solutions with lower
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PVC/plasticizer ratios were included in this study to show the influence of the polymer
content on the diffusion and partition coefficients, and allow comparisons to the extreme
case of membranes without any plasticizer at all. Membranes were made with octanol,
oNPOE, or DOS, as plasticizer. Octanol was included in this study so that comparisons
could be made with the well-known octanol/water partition coefficient, while oNPOE and
DOS were included because they are the most commonly used as polar and nonpolar
plasticizers, respectfully (14).
Fabrication of Membrane Cocktails and Membranes
Membrane components, weighting ~0.2g total, were combined in a glass vial and
dissolved together with ~2g stabilizer-free THF to create a membrane cocktail.
Membranes were 'cast' on the bottom of glass vials by removing the cap on the vials.
Following the evaporation of THF (two days), an approximately 200 μm thick membrane
remained on the bottom of the vials (estimated from mass and density of the membrane
and the inner diameter of the vial). Adding the analyte to the membrane cocktail before
casting created ‘loaded’ membranes. Analyte concentration in the loaded-membranes
were calculated using the density of the PVC membrane after the complete evaporation
of THF (45).
Some other published works (7, 51), report using micrometer-thin membranes
applied to the surface of electrodes or complete electrochemical cells by spin-coating or
drop-casting, rather membranes formed by bulk casting as described above. The use of
thin, spin-coated membranes more closely simulates the membranes used on commercial
electrochemical sensors, where the membranes thickness strongly affects the sensor
performance (see Eq. 9 and Eq. 10). In early experiments, thin analyte-loaded
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membranes were applied to our PECs in a similar fashion by dipping them into
membrane cocktail: creating 'dip-coated' cells. The peak currents of cyclic
voltammograms recorded in the analyte-loaded thin polymeric films of dip-coated PECs
decayed over time. See Chapter 3. On the other hand, the CVs recorded in thick loaded
membranes cast on the bottom of glass vials did not change for over a week.
Instrumentation and Recording Voltammograms
The planar-electrochemical cells (PECs) used in this study are composed of a 10μm
diameter carbon fiber disc or 25μm diameter platinum disc as working electrode, a
500μm diameter graphite counter electrode, and 500μm diameter silver reference
electrode (RE). An example is shown in Fig. 4.

Fig. 4. Images and a Schematic of Carbon Fiber Micro-electrode-based Planar
Electrochemical Cell (PEC). Left: Photo of the PEC. The diameter of the PEC is
3mm. Center: Schematic of the PEC. Right: Microscopic image of the face of the PEC
showing a 10μm diameter carbon fiber (CF) disc electrode, as working electrode
(WE), and a 500μm diameter disc-shaped graphite (Gr) counter electrode (CE), and
500μm diameter disc-shaped silver (Ag) reference electrode (RE).
The fabrication and characterization of carbon PECs was described in detail
previously (26). In short:
1. Working electrodes are fabricated by incorporating carbon fiber filaments into
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glass capillary: First, long (~3cm) pieces of borosilicate glass capillary tube
(OD: 1.5mm, ID: 0.75mm; length: 10cm, single barrel, Sutter Instruments,
Item# 150-75-10) are pulled with a capillary puller (Sutter Instruments, Model
P-30) with the following settings: Heat 1, 825; Pull, 800. Next, each of the
pulled ends are heated over a Bunsen Burner (set to high-heat flame) to close
them off; thus creating a test tube-like structures. Next, carbon fibers, (10μm
diameter, from Bioanalytical Systems) are inserted into one of the tubes by
laying the carbon fiber on a paper towel, pushing the capillary tube over one end
of the fiber until the end of the fiber reaches the end of the tube, and then
breaking off the excess length of carbon fiber. After that, a vacuum is applied
to the open end of the capillary tube (with the SPX Robinair Cooltech High
Performance 6CFM vacuum pump and two partially-nested sections of Tygon
Flexible Plastic Tubing (OD: 5mm; ID: 2.5mm, and OD: 3mm; ID: 1.5mm))
and, the closed-off end of the capillary is heated over a Bunsen Burner (set to
low-heat flame) until the glass collapses around a ~1cm long section of the
fiber. The heating sometimes creates 'bubbles' at the tip of the capillary in the
vicinity of the carbon filament. This is acceptable, as long as there is at least a
few millimeters long section of glass-enclosed carbon filament without bubbles.
The electrical connection between the carbon filament and a copper wire is
made by filling silver epoxy (Epoxy Technology H20E kit – Parts A and B)
from the open end of the capillary with the help of a silver epoxy-filled syringe
and a 0.15mm diameter needle and inserting the copper wire into the capillary
until it contacts the silver epoxy, and curing the silver epoxy in a 100ºC oven

19

(Fisher Scientific, 10-750-14 Isotemp Programmable Forced-Air Muffle
Furnace) for 2 hours. After that, the tip is scored with a file, and broken off
with a plier. The exposed surface of glass is visually checked to ensure the
carbon filament electrode has emerged. If it has not, the tip is sanded with
SIA:60 grit sandpaper until it does. Finally, the newly-exposed electrode
surface is sanded with rough 60 grit sandpaper (SIA, 60 grit), and then finer 220
grit sandpaper (Sancap, 220 grit) to remove any rough edges.
2. Counter and reference electrodes were made by the same basic protocol, but
instead of the graphite fiber, a 0.7mm diameter (Pentel) graphite bar or a 0.5mm
diameter, silver wire (99.9%, Aldrich Chemical Co.) is enclosed in an insulating
glass body, respectively.
3. The three electrodes are put together into a single planar electrochemical cell
according to the following procedure: one end of a 50mm long glass tube
(borosilicate glass, OD: 6mm, ID: 4mm or OD: 4.6mm, ID: 2.5mm) is capped
by celluloid tape – creating a “test tube”-like structure. This glass tube is filled
with a 1mL bolus of preheated (60 - 70 ºC) Epon 282 resin (Hexion) containing
14% m-phenyladiamine (Acros Organics), using a 5mL syringe with a 16-gauge
needle (Becton Dickson). The three electrodes are inserted into the resin-filled
glass tubes and pushed all the way to the bottom. The 3-electrode assembly is
heated at 100ºC oven for 2 hours to cure the Epon epoxy. After the epoxy is
cured, the celluloid tape is removed and the end of the of the 3-electrode
assembly is sanded with rough 60 grit sandpaper (SIA, 60 grit), and then finer
220 grit sandpaper (Sancap, 220 grit), and polished on a polishing wheel
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(Shinko, ST-706B) with microcloth (for 8" wheel, Buehler, Catalog# 40-7208)
with progressively finer alumina slurry (Buehler: 1.0 μm Alpha Micropolish II,
then Buehler: 0.3 μm Alpha Micro Micropolish II). The overall process yields a
PEC with three, disc-shaped electrodes at the end of an epoxy-filled cylindrical
glass tube.
Nominally, the carbon fibers are circular cross-section with a diameter of 10μm; or
equivalently, a radius of 5μm. Electrochemical characterization of the PECs (26),
showed that the effective radii of the working electrode are statistically indistinguishable
from nominal radius of the carbon fibers from which they were made.
Between measurements, PECs were polished with alumina slurry (0.3μm, Buehler),
rinsed, sonicated in DI water and dried. Measurements were collected with a CH
Instruments, Inc. (Austin, TX) Model 760C potentiostat.
To record voltammograms with the PECs in solutions it can simply immersed in
the solution, as shown in Fig. 5. To record voltammograms with a PEC in membranes, a
PEC can be “dip- or spin coated” with the membrane (not shown) or the PEC can be
pressed against a cast membrane surface, as shown in Fig. 6. The thickness of the
membranes applied by spin and dip-coating in the micrometers range (7), while cast
membranes can be several millimeters thick. To meet the 'infinite solution' criteria most
of our measurements were performed in solutions and with thick cast membranes by
putting the PECs in contact with the media and collecting cyclic voltammograms.
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Fig. 5. Schematic of the Procedure for Measuring Diffusion Coefficients in
Organic Solutions with a Carbon Fiber Microelectrode-based PEC. Step 1:
Pour analyte containing organic solution into vial. Step 2: Immerse PEC cell
into solution, and collect CV.

Fig. 6. Schematic of the Procedure for Measuring Diffusion Coefficients in
Cast Membranes with a Carbon Fiber Microelectrode-based PEC. Step 1:
Pour analyte loaded membrane cocktail into vial. Step 2: Allow solvent to
evaporate for 2 days, creating a “cast membrane”. Step 3: Press PEC cell into
membrane, and collect CV.
Voltammetric Determination of Diffusion Coefficients
Voltammograms collected in solutions of known concentration may be used to
measure an unknown Dm. The Randles-Sevcik equation (Eq. 5) is typically used to
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calculate Dm when CVs are peak-shaped with peak currents linearly proportional to
square-root of scan rate. Area of the working electrode must also be known. For
experiments described in this work, the area of the working electrode was calculated from
the radius (r) of the microdisc electrode (A = πr2), which had been previously (26)
characterized electrochemically. In practice, voltammograms are recorded at different
scan rates and background-corrected peak currents are plotted as function of the square
root of scan rate. A regression line is then fitted to the experimentally measured points.
Theoretically, the trend-line should have a positive, non-zero slope (mslope), and a current
axis intercept (yint) of zero. The slope of the trend-line, mslope, is used to calculate the
diffusion coefficient:
𝐷𝑅𝑆 = (

2
𝑚𝑠𝑙𝑜𝑝𝑒
)
269000𝑛3⁄2 𝐴𝐶

Eq. 11

For sigmoidal shape CVs (characteristics for CVs recorded with microelectrodes)
Eq. 6 can be used to calculate Dm. The limiting current of sigmoidal shape
voltammograms is invariant with respect to scan rate. In practice, several CVs are
collected and the mean value of the limiting currents is used to calculate Dm.
Alternatively, one can record CVs with a variety of scan rates (perform a scan rate
sweep) and plot the limiting currents as function of the square root of scan rate. A line is
then fitted to the i vs. v½ points. If the shape of the CVs is truly invariant with square root
of scan rate, the trend-line should have a slope (mslope) equal to zero with the current axis
intercept (yint) equivalent to the mean value of the limiting current (iL), the diffusion
coefficient can be calculated from yint:

23

𝐷𝜇𝐸 =

𝑦𝑖𝑛𝑡
4𝑛𝐹𝐶𝑟

Eq. 12

Experimental conditions can often be selected so that the use of Eq. 5 (peak
shaped CVs) or Eq. 6 (sigmoidal shaped CVs) is justified for calculating the diffusion
coefficients (Dm). Dm values calculated from CVs of “intermediate” shape are often only
considered as approximate values. However, several methods have been described for
rigorous analysis of intermediate form voltammograms. Zoski et al. (52, 53) investigated
the shape differences between CVs at true steady-state and those at only “near” steadystate in homogenous solutions. While the forward and reverse scans of true steady-state
CVs are identical, the forward and reverse scans of near steady-state CVs are slightly
different and off-set from one another. Zoski et al. provided equations for estimating
some aspects of these differences. Furthermore, they gave practical advice for converting
near steady-state CVs to their equivalent true steady-state form. These are the CVs,
which would be collected under identical conditions (electrode size, analyte
concentration, diffusion coefficient, etc.) at a scan rate slow enough to achieve true
steady state and in the absence of convective interference. Alternatively, Zoski et al
described how to average the forward and backward scans of CVs recorded near steadystate conditions (52). Under conditions where CVs were intermediate form, Zoski et al.
recommend collecting “capped ramp” voltammograms (52) and applying “convolutive
forecasting” (52) to find the equivalent true steady-state form. In capped ramped
voltammograms, the potential is swept from a ‘first potential’ (E1) to a ‘second potential’
(E2) at a constant scan rate, and then held at E2 for a defined period of time.
Voltammogram convolution is a mathematical post-processing technique, discussed in
great detail in the works of Mahon, Oldham, et al. (54-56). When Geng et al. (34, 36,
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37) encountered intermediate-form CVs, they sometimes also collected
chronoamperograms and “fitted the current-time responses to the Shoup-Szabo relation”
(57) to determine the diffusion coefficient.
From the intermediately shaped CVs collected during a scan-rate sweep, the peak
and/or limiting currents may be collected and plotted versus the square root of scan rate:
see Fig. 7. The CVs collected at high scan rates are peak-shaped, CV collected at low
scan rates are sigmoidal, and CVs collected at intermediate scan rates have an
intermediate shape (left panel). However, a plot of the signal currents vs square root of
scan rate is effectively linear throughout the scan rate range (right panel). The trend-line
fitted to the points has a positive, non-zero slope and a positive, non-zero y-intercept.
The slope of the line can be used to calculate an estimate of DRS (Eq. 11) while from the
intercept Dμe (Eq. 12) can be estimated.

Fig. 7. Cyclic Voltammograms Collected in FcCOOH-loaded oNPOE-plasticized
PVC Membrane with 1/2 PVC/oNPOE Ratio (left) and the Scan Rate
Dependence of the Peak and/or Limiting Currents (right). The scan rates ranged
between 1 mV/s and 200 mV/s.
To determine whether Eq. 11 or Eq. 12 provide a more accurate estimate of Dm,
Eq. 4 was used to generate linear sweep voltammograms (LSV) using diffusion
25

coefficients (Dtrue) commonly encountered in electrochemical measurements (10-5 ~ 10-10
cm2/s). See script and details in Appendix B. Next, DRS and Dμe were determined from
the peak and/or limiting currents of these voltammograms using Eq. 5 and Eq. 6. In other
words, the diffusion coefficients calculated with Eq. 11 (DRS ) and Eq. 12 (Dμe) were
compared to the diffusion coefficients (Dtrue) used to generate LSVs. In Fig. 8, the ratios
of DRS/Dtrue and Dμe/Dtrue are plotted as a function of the true diffusion coefficients.

Fig. 8. Ratios of the Estimated Diffusion Coefficients (DRS or Dμe) vs True
Diffusion Coefficient (Dtrue). See Appendix B for simulation details. The
horizontal (blue) line represents perfect agreement between Dtrue and Destimated.
At low diffusion coefficients (D~10-10cm2/s), the Randles-Sevcik equation (Eq.
11) provides accurate estimate, while at high diffusion coefficients (D~10-5cm2/s), the
microelectrode equation (Eq. 12) estimate is more accurate. At intermediate diffusion
coefficients, both Eq. 11 and Eq. 12 underestimates the true value, but the ratio of the
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larger of the two estimates vs the true diffusion coefficient is always larger than 0.9.
To achieve slightly greater accuracy, a 'combined' estimate of diffusion
coefficient may be calculated by using Eq. 13:
𝐷𝑐𝑜𝑚𝑏 = 1.1

𝐷𝑅𝑆 + 𝐷𝜇𝑒
= 0.55 ∗ 𝐷𝑅𝑆 + 0.55 ∗ 𝐷𝜇𝑒
2

Eq. 13

to fill the gap between the Randles-Sevcik and microelectrode estimates without
exceeding the true value of Dtrue. The ratios of DRS/Dtrue, Dμe/Dtrue and Dcomb/Dtrue are
plotted as a function of true diffusion coefficients in Fig. 9. As it is seen in the figure by
selecting the largest of the three estimates vs the true diffusion coefficient the
Destimated/Dtrue ratio is always greater than 0.94.

Fig. 9. Ratios of the Estimated Diffusion Coefficients (DRS, Dμe, or Dcomb) vs
True Diffusion Coefficient (Dtrue). See Appendix B for simulation details. The
horizontal blue line represents perfect agreement between Dtrue and Destimated
The uncertainty in DRS and Dμe are related to the standard deviations of the slopes
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and intercepts of the lines fitted to the peak current vs. square root of the scan rate plots,
respectively. The standard deviation of the slopes (sm) and the standard deviation of the yintercepts (sb) can be calculated with well-known formulas (58). The overall uncertainty
of the estimated Dm values may be calculated using the typical rules for propagation of
uncertainty (59).
Voltammetric Determination of Partition Coefficients
To demonstrate the process for measuring partition coefficients, the octanol/water
partition coefficient of FcMeOH was calculated from its concentration measured
voltammetrically following an extraction experiment: (i) 1 ml octanol and 100ml aqueous
solution of 1mM FcMeOH (without any other added supporting electrolyte) was mixed in
a separation funnel and let phase separate overnight; (ii) Cyclic voltammograms were
recorded in a fraction of the aqueous solution using the PEC. The procedure is shown
schematically in Fig. 10.

Fig. 10. Steps of the Shake-Flask Method for Determining
Octanol / Water Partition Coefficient.
The logarithm of the octanol/water partition coefficient (logPow) of APAP was
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also measured voltammetrically, though by a slightly different procedure. One milliliter
of 2.8 mM APAP solution was created in octanol and a PEC was used to record a CV in
this solution and assess the limiting current of the curve corresponding to the APAP
concentration. Then, 1mL DI water was mixed in the octanol solution. The mixture was
thoroughly stirred, and allowed to settle overnight. A PEC was placed in the octanol
phased to record a CV and assess the limiting current corresponding to the decreased
concentration of APAP in the octanol phase after the extraction. Finally, more water was
added so that the total water phase volume was 3mL. The mixture was thoroughly stirred,
and allowed to settle overnight. A PEC was used yet again to record a CV in the octanol
phase after the second extraction and assess the limiting current corresponding to the
concentration of APAP in the octanol phase following the second extraction. This
process is shown schematically in Fig. 11.

Fig. 11. Steps of the Procedure for Measuring Octanol-Water Partition Coefficient
Using Planar Electrochemical Cells.
Membrane/aqueous partition coefficients were measured by the following procedure:
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1. Aqueous solution (deionized water) was added to vials with cast membranes on
the bottom of the vials. The membranes were loaded with known concentrations
of FcCOOH, or APAP, or DIPP. The vials were shaken and allowed to equilibrate
overnight.
2. Post-partition concentrations of FcCOOH and APAP in the aqueous phase were
determined by recording CVs at different scan rates with the PEC. The
concentrations were calculated from the parameters of calibration curves recorded
with the PEC in aqueous standard solutions of FcCOOH and APAP.
3. The aqueous phases were discarded and the membranes on the bottom of the vials
were allowed to dry in air for two days.
4. PECs were pressed into the membranes and CVs were collected at different scan
rates to determine the residual concentration of FcCOOH, APAP, or DIPP in the
membrane phases following the extraction.
No supporting electrolytes were added to the aqueous solution since preliminary
experiments (see Chapter 3) showed that the peak and limiting currents could be
determined with adequate accuracy even in highly resistive media when the voltammetric
measurements were performed the microelectrode-based PECs.
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Fig. 12. Schematic of the Procedure for Measuring Membrane-Aqueous
Partition Coefficient. Step 1: Add known volume of DI water into a vial with
a known volume of analyte-loaded membrane cast on its bottom. Step 2: Allow
phases to equilibrate overnight. Step 3: Immerse PEC in aqueous phase, and
collect CV. Step 4: Remove aqueous phase, press PEC into membrane, and
collect CV.
As discussed previously, the partition coefficients can be determined from the
concentrations in immiscible phases following extraction. If the original concentration of
the analyte is known in both phases before the extraction experiment, then partition
coefficient can be calculated from either the concentration decrease in one phase, or
alternatively, from the concentration increase in the other phase. Measuring the
concentrations after the extraction in both phases could be used to validate the
measurements through the demonstration of the “conservation of mass”. If both the preand post-partition concentrations are measured in both phases, then the “recovery rate”
can be calculated. Recovery rate should be 100% within the precision and accuracy of
the measurement of the pre-, and post-partition concentrations as long the analyte do not
decompose, adsorb to the glass vial, etc.
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Fig. 13. Graphical Representation of the Conservation-of-Mass Principle in
the Determination of Membrane/Aqueous Partition Coefficients.
Calculation of Partition Coefficients
Partition coefficient is defined as the concentration of the species in one phase
versus another at equilibrium. Commonly, partition coefficients are determined
experimentally by creating one phase with a known concentration of analyte and bringing
this phase into contact with other phase with (initially) zero analyte concentration. Then,
sufficient time is allowed for the analyte to partition between the two phases until the
concentrations reach their equilibrium values. Finally, the post-partition concentrations
in one or both phases are measured. Partition coefficients between octanol and water
(“octanol/water partition coefficients”, Pow) are widely known, but the focus of this work
is the determination of partition coefficients between a membrane and an aqueous
solution (Pma). The mathematics for calculating Pow and Pma are identical.
The membrane/aqueous partition coefficient can be defined as:
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𝑃𝑚𝑎 =

𝐶𝑚1
𝐶𝑎1

Eq. 14

where the subscripts refer to membrane phase ('m'), aqueous phase ('a'), and post-partition
(‘1’). From Eq. 14,
𝑃𝑚𝑎 =

𝐶𝑚1 𝐶𝑚1 𝑉𝑎
=
𝐶𝑎1 𝑚𝑜𝑙𝑎1

Eq. 15

where the moles of analyte in the aqueous and membrane phases are indicated as 'mol'
with the adequate subscripts.
If in the experiment designed for the determination of the partition coefficient the
membrane is the initially-loaded phase, then the sum of moles of analyte in the postpartition membrane and post-partition aqueous phases will equal the original amount of
moles in the pre-partition ('0') membrane.
𝑚𝑜𝑙𝑚0 = 𝑚𝑜𝑙𝑚1 + 𝑚𝑜𝑙𝑎1

Eq. 16

then,
𝑃𝑚𝑎 =

𝐶𝑚1 𝑉𝑎
𝑉𝑎 𝐶𝑚1
𝑉𝑎
𝑞𝑚1
=
=
𝑚𝑜𝑙𝑚0 − 𝑚𝑜𝑙𝑚1 𝑉𝑚 (𝐶𝑚0 – 𝐶𝑚1 )
𝑉𝑚 (1 − 𝑞𝑚1 )

Eq. 17

where “qm1” is the fraction or ratio of the amount of analyte remaining in the membrane
phase post-partition after one extraction versus the total amount of analyte in the system
(i.e. the total in the two phases). Since the membrane volume is assumed to be constant,
and all of the analyte in the system came from the pre-partition membrane, “qm1” is also
equivalent to the fraction or ratio of the post-partition membrane concentration versus the
pre-partition membrane concentration. Building off the work of other texts (60), this may
equivalently be presented as:
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𝑞𝑚1 =

𝑚𝑜𝑙𝑚1
𝐶𝑚1
𝑉𝑚
=
=
𝑉
𝑚𝑜𝑙𝑚0
𝐶𝑚0
(𝑉𝑚 − 𝑃 𝑎 )

Eq. 18

𝑚𝑎

For multiple extractions (where number of extractions = “ε”), “qmε” is the fraction
or ratio of the amount of analyte remaining in the membrane after “ε” extractions versus
the total amount of analyte in the system.
ε

𝑞𝑚ε =

𝑚𝑜𝑙𝑚ε
𝐶𝑚ε
𝑉𝑚
=
=(
)
𝑉𝑎
𝑚𝑜𝑙𝑚0
𝐶𝑚0
(𝑉𝑚 − 𝑃 )
𝑚𝑎

Eq. 19

Building off Eq. 17 directly, if the concentrations are determined
voltammetrically in the membrane phase, and the measured current is proportional to
concentration (in other words, where i = kp C), then,
𝑃𝑚𝑎 =

𝑉𝑎 𝑖𝑚1
𝑉𝑚 (𝑖𝑚0 − 𝑖𝑚1 )

Eq. 20

and
𝑞𝑚𝜀 =

𝑖𝑚𝜀
𝑖𝑚0

Eq. 21

Rearrangement of Eq. 19 shows,
𝑃𝑚𝑎 =

𝑉𝑎
𝑞𝑚𝜀 1⁄𝜀
[
]
𝑉𝑚 1 − 𝑞𝑚𝜀 1⁄𝜀

Eq. 22

Alternatively, it may be shown that, starting from Eq. 14,
𝑃𝑚𝑎 =

𝐶𝑚1 𝑚𝑜𝑙𝑚1
=
𝐶𝑎1
𝐶𝑎1 𝑉𝑚

and
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Eq. 23

𝑃𝑚𝑎 =

𝑚𝑜𝑙𝑚0 − 𝑚𝑜𝑙𝑎1 𝑚𝑜𝑙𝑚0 𝑚𝑜𝑙𝑎1 𝐶𝑚0 𝑉𝑎
=
–
=
–
𝐶𝑎1 𝑉𝑚
𝐶𝑎1 𝑉𝑚 𝐶𝑎1 𝑉𝑚 𝐶𝑎1 𝑉𝑚

Eq. 24

On the other hand, if in the experiment designed for the determination of the
partition coefficient the aqueous phase is the initially-loaded phase, then analogous
calculations to those above will show that:
𝑃𝑚𝑎

𝑃𝑚𝑎 =

𝐶𝑎0 𝑉𝑚 −1
=(
− )
𝐶𝑚1 𝑉𝑎

𝑉𝑎 (𝐶𝑎0 − 𝐶𝑎1 )
𝑉𝑎 (1 − 𝑞𝑎1 )
=
𝑉𝑚 𝐶𝑎1
𝑉𝑚
𝑞𝑎1

Eq. 25

Eq. 26

where “qa1” is the fraction or ratio of the amount of analyte in the aqueous phase after
one extraction versus the total amount of analyte in the system (i.e. the total in the two
phases). Building off the work of other texts (60), this may equivalently be presented as:
𝑞𝑎1 =

𝑉𝑎
(𝑉𝑚 𝑃𝑚𝑎 − 𝑉𝑎 )

Eq. 27

And if the concentrations are determined by voltammetry in the aqueous phase,
where the measured current is proportional to C (where i = kp C), then,
𝑃𝑚𝑎 =

𝑉𝑎 (𝑖𝑎0 − 𝑖𝑎1 )
𝑉𝑚 𝑖𝑎1

Eq. 28

and since,
1 = 𝑞𝑎1 + 𝑞𝑚1

Eq. 29

then, by combining Eq. 27 and Eq. 29,
𝑃𝑚𝑎 =

𝑉𝑎
𝑞𝑚1
𝑉𝑚 (1 − 𝑞𝑚1 )

Eq. 30

Practically, if the membrane is the initially-loaded phase, then any of Eq. 17, Eq.
35

20, or Eq. 22 may be used to determine Pma, depending on in which phases
concentrations were measured. Use of Eq. 20 or Eq. 22 may be preferred because they
avoid some errors associated with converting from current measurements to
concentration measurements. If aqueous is the initially-loaded phase, then either Eq. 26
or Eq. 28 may be used with Eq. 28 being preferred.
The octanol/water partition coefficients (Pow) can be calculated exactly the same
way by simply replacing all references to 'membrane' and 'aqueous' in the equations
above with references to 'octanol' and 'water', respectively.
Planning Experiments to Measure Partition Coefficients
The experimental variables of partition coefficient measurements between a
membrane and an aqueous solution phase must be carefully considered to ensure accurate
results. In particular, the precision (i.e. COV) of the technique for measuring postpartition analyte concentration must be considered. The precision of the voltammetric
technique for measuring concentration was conservatively estimated as 20%, and it was
assumed that only a small number of measurements would be collected. In that case, if
the membrane is the initially loaded phase, then the target qm should be between 0.2 and
0.8. A value less than 0.2 may become indistinguishable from zero, which would imply a
logPma value of negative infinity. A value greater than 0.8 may become indistinguishable
from one, which would imply a logPma value of positive infinity.
As an example of planning a measurement of the logPma of DIPP using membrane
as the initially-loaded phase. The logPow value for DIPP (approximately 4.0 (61) ) is
used an initial estimate of the logPma. Convenient volumes for the two phases are Vm =
0.2mL and Va = 1000mL. Rearrangement of Eq. 19 shows,
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ε =

log 𝑞𝑚ε
𝑉𝑚
𝑉
(𝑉𝑚 − 𝑎 )
𝑃𝑚𝑎

log

Eq. 31

If qmε 0.8 is selected as target, then “ε”, the required number of extractions
(rounded to integer values) is just 1 (i.e. only one extraction seems to be needed).
However, if post-hoc analysis shows that qmε is greater than 0.8, then the estimate of
logPma would need to be adjusted. The maximum logPma measureable with certain
experimental parameters can estimated from a rearranged version of Eq. 22.
𝑙𝑜𝑔𝑃𝑚𝑎

𝑉𝑎
𝑞𝑚𝜀 1⁄𝜀
= 𝑙𝑜𝑔 ( [
])
𝑉𝑚 1 − 𝑞𝑚𝜀 1⁄𝜀

Eq. 32

Using the parameters above (Va = 1000mL, Vm = 0.2mL, qmε = 0.8, and ε = 1), the new
estimate for maximum measureable logPma is 4.3. This three-step process of planning to
measure logPma, attempting to measure logPma, and using the results to re-estimate logPma
may be repeated iteratively until qmε is less than 0.8 or as long as is practical.
As another example calculation, consider planning a measurement of the logPma
of DIPP using aqueous as the initially-loaded phase. The logPow value for DIPP
(approximately 4.0 (61) ) is used an initial estimate of the logPma. Convenient volumes
for the two phases are Vm = 0.2mL and Va = 2mL. Combining Eq. 17 and Eq. 29,
𝑞𝑚1 = 1 − 𝑞𝑎1 = 1 −

𝑉𝑎
(𝑉𝑚 𝑃𝑚𝑎 − 𝑉𝑎 )

Eq. 33

Using the declared value for the experimental parameters, qm1 is approximately
0.999. Unfortunately, this is well above our upper limit of 0.8 and actually quite close to
the absolute upper limit of 1.0. The precision of our technique for measuring
concentration, which we estimated earlier as 20%, is not sufficient to differentiate this
very high value of qm1 from the absolute upper limit of 1.0.
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Chapter 3. Results and Discussion
Voltammetric Determination of Diffusion Coefficients in Organic Solutions
PECs were used to measure the diffusion coefficient of FcMeOH in various
organic solvents and PVC plasticizers. Example CVs recorded in these organic solutions
in the presence and absence or a background electrolyte are shown in Fig. 14. The
corresponding pairs of CVs have similar limiting currents. The differences in the limiting
currents of the CVs were statistically not significant. These results prove the feasibility
of the utilization of microelectrodes for voltammetric measurements in highly resistive
media, i.e., for the determination of diffusion coefficients from the limiting currents
recorded in soft polymeric membranes.

Fig. 14. Cyclic Voltammograms Recorded in Organic FcMeOH Solutions
with and without Added Supporting Electrolyte. For better comparison,
instead of the measured current the current/concentrations (concentration
normalized current) ratios are plotted as function of the applied potential.
Concentration of FcMeOH: 0.1 ~ 2.2 mM. Scan rate: 100mV/s.
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The diffusion coefficient of FcMeOH measured with the PEC in aqueous solution
was statistically equivalent both to previously published values (62) and to the estimated
values based on the Stokes-Einstein relationship with the no-slip condition. See in Table
1 and Fig. 15.
Table 1. Comparson of Experimentally Measured and Calculated (StokesEinstein Relationship) Diffusion Coefficients of FcMeOH in Various Plasticizers
or Solvents in the Presence of Supporting Electrolyte.
Experimentally Measured

Plasticizer or
Solvent
DOS
oNPOE
octanol
water
methanol

Stokes-Einstein
D
-7
2
(10
cm
/s)* Est.
D
𝑖̅𝐿
C (mM)
COV N
%
(10-7 cm2/s)*
(pA)
full- Slip
no-slip
slip
1.0
96 5%
5
5
4
6 65%
1.0
121 5% 10
6
5
7 65%
1.0
188 4%
5
12
9
13 75%
0.074 107 2% 19
75
74
111 4%
0.81

1878 5%

5

120

122

183

0%

0.95 2953 1%
8
161
143
214 26%
THF
1.2
4143 4%
9
176
159
239 21%
DClM
1.16 4400 1%
6
197
178
267 22%
acetonitrile
0.51 2070 2%
5
210
212
318 0%
acetone
-7
2
* Diffusion coefficients are in (10 cm /s) units, i.e. a value of 5 in the table means
D = 5×10-7 cm2/s.
Note 1: COV = coefficient of variation.
Note 2: N = number of measurements
Note 3: D in water (61) = 76x10-7 cm2/s.
Note 4: “Est. % Slip” is the estimated percent of slip between anatlyte molecules and
the solvent. The case of Est. % Slip = 0% corresponds with the ‘no-slip’ boundary
condition of the Stokes-Einstein equation. The case of Est. % Slip = 100%
corresponds with the ‘full-slip’ boundary condition of the Stokes-Einstein equation.
Diffusion coefficients of FcMeOH measured in methanol and acetone matched
the no-slip Stoke-Einstein estimates, as well. Diffusion coefficient in tetrahydrofuran,
dichloromethane, acetonitrile, DOS, oNPOE, and octanol, however, were somewhat
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higher that the no-slip Stokes-Einstein estimate (between the no-slip and full-slip StokesEinstein estimates), suggesting some level of slip at the analyte/solvent interface.

Fig. 15. Ratios of Experimentally-measured Diffusion Coefficients (Dm) versus
Diffusion Coefficients Calculated from the Stoke-Einstein Equation (S.E.
Estimate, DS.E.) for FcMeOH in Various Solvents. Dm/DS.E.=1 (solid line)
indicates Dm values equal to the values calculated by the Stokes-Einstein model with
no-slip boundary condition. Dm/DS.E.=1.5 (dashed line ) indicates Dm values equal to
the values calculated by the Stokes-Einstein model with full-slip boundary condition.
The Effect of iR Drop on Voltammograms
In voltammetric experiments a fraction of the applied potential aimed for the
polarization of the working electrode is “lost” as potential drop on the solution resistance
(R) as a consequence of the current (i) flow between the working and counter electrode.
The ‘skewing’ of CVs indicates significant iR potential drop. In general, the iR potential
drop is relatively small when microelectrodes are used as working electrodes. However,
in resistive solutions the sigmoidal shaped voltammograms, can spread over a wider
potential range than one would be expect in sufficiently conductive solutions. In Fig. 16
41

we show cyclic voltammograms collected in FcMeOH containing octanol solutions with
or without added supporting electrolyte. Remarkably, despite the significant skewing in
the CVs collected in solution without supporting electrolyte, the limiting currents of the
two CVs are quite similar.

Fig. 16. Cyclic Voltammograms Recorded in 1.15mM FcMeOH Octanol
Solutions with Saturated TBAClO4 and in 1.35mM FcMeOH in Octanol
Solutions without Added Supporting Electrolyte. For Better Comparison Instead
of the Current the Current/Concentration Ratios (Normalized Currents) are Plotted
on the Y-Axis. Scan rate = 5mV/s.
The influence of the iR potential drop can also be seen when the CVs of Fig. 14
are re-plotted as 𝑙𝑜𝑔

𝑖𝐿 −𝑖
𝑖

vs potential like in Fig. 17. Theoretically, such plots should be

linear with a slope of -16.9 1/V (equivalent to 59.1 mV per decade), and cross the x-axis
at the half-wave potential (E1/2). However, in the presence of a significant iR drop, when
the CVs are skewed the 𝑙𝑜𝑔

𝑖𝐿 −𝑖
𝑖

vs potential plots also become distorted. The half-wave

potential (E1/2) is shifted to more-positive potentials and the slope of the curves decreases
(drops below its theoretical value of -16.9 1/V). The maximum slope and E1/2 of the
𝑙𝑜𝑔

𝑖𝐿 −𝑖
𝑖

vs potential plots are listed in Table 2.
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𝑖 −𝑖

Fig. 17. 𝑙𝑜𝑔 𝐿𝑖 vs Potential Representation of the Voltammograms of Fig. 14 CVs
Collected in FcMeOH Containing Organic Solvents with and without Background
Electrolyte.

Table 2. Maximum Slope of the 𝑙𝑜𝑔

𝑖𝐿 −𝑖
𝑖

vs Potential Plots.*

max. slope (1/V)

E1/2 (V)

aq. (10mM KCl)

-17.8

0.10

aq. (no electrolyte)

-17.1

0.07

acetonitrile (100mM TBAPF6)

-16.0

0.25

acetonitrile (no electrolyte)

-8.0

0.41

octanol (sat. TBAClO4)

-9.8

0.42

octanol (no electrolyte)

-3.0

0.88

* theoretical slope -16.9 1/V corresponding to 59 mV/decade.
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CVs of FcMeOH in Thin Films
In most other published reports, membrane modified electrochemical sensors are
coated by a few micrometer-thin (7, 51) membranes. Such membranes can be applied to
sensor surfaces and electrochemical cells either by spin-coating or drop-casting. In our
preliminary work, FcMeOH-loaded thin membranes were applied to PECs by dipping the
PECs into FcMeOH-loaded membrane cocktail, creating 'dip-coated' electrochemical
cells. When CVs were recorded with dip-coated PECs in the first few hours following
their preparation, the signal currents consistently decayed. When the experiments were
repeated with PECs, which were dip-coated and allowed to dry overnight practically no
signal current could be measured in cyclic voltammetric experiments. In contrast when
the same experiments were performed with FcMeOH loaded, thick, cast membranes or
bulk plasticizer solutions no signal decay was observed. The cyclic voltammograms
recorded in cast membranes (after two-days drying period) or plasticizer solutions
remained the same or hardly changed for over two weeks.
Experiment with plasticizer solutions:
1. In Thin Layer: A set of plasticizer solution cocktails without any PVC was

created. These cocktails contained only oNPOE, small amounts of organic
electrolyte and FcMeOH, and solvent (THF and DClM). PECs were dip-coated in
these cocktails, leaving a thin plasticizer layer on the PEC surface. Cyclic
voltammograms were collected with these plasticizer-coated PECs over the
course of a day. Some examples are shown in Fig. 18. The thin layers had a
volume of approximately 0.3μL. The limiting currents recorded in these
plasticizer film-coated cells decayed severely over that time. An example is
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shown in Fig. 19 labeled as ‘in thin layer’.
2. In Droplet: Plasticizer solutions of only oNPOE and FcMeOH were created.

These were similar to the plasticizer solutions in the previous ‘In thin layer’
section but were prepared without any organic electrolyte or volatile solvents.
When the PECs were dipped in to these solutions, droplets of the plasticizer
solution remained on the tip of PEC. Cyclic voltammograms were collected with
these plasticizer-coated PEC over several days. The volume of the droplets on the
PEC surface was estimated between 10μL and 30μL. The limiting currents
recorded in these droplets also decayed severely, however at a slower rate than “in
thin layer”. An example is shown in Fig. 19 labeled as ‘in droplet’.
3. In Bulk Cast Solution: Finally, another set of plasticizer solution cocktails

without any PVC (similar to the plasticizer solutions in the ‘In thin layer’ section)
was fabricated. Again, these cocktails contained only oNPOE, small amounts of
organic electrolyte and FcMeOH, and solvent (THF and DClM). These solutions
were cast and allowed to dry for 2 days, and then CVs were collected in these
solutions for a subsequent eight-day period. The bulk cast solutions had a volume
of approximately 80-140uL. The limiting currents recorded in the bulk cast
solutions remained constant throughout the eighteen-day measurements period.
An example of the results is shown in Fig. 19 labeled as ‘in bulk cast membrane’.
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Fig. 18. Cyclic Voltammograms Recorded in a Thin-Layer of Plasticizer Solution
as Function of Time. Composition of the thin layer: 5mM FcMeOH, 0%PVC, 80%
oNPOE, 20% TDDATPFPhB; The thin film has been applied to the PEC surface by
dip-coating. Scan rate: 10mV/s.

Fig. 19. Decay/Stability of Limiting Currents in Cyclic Voltammograms
Recorded as Function time in FcMeOH Containing Thin-Layers, Droplets, and
Cast Membranes. Left panel: full dataset. Right Panel: data collected in the first
two days.
The cause of the signal decay in thin-layers and droplets remains unclear. Since
at the beginning of the experiments the signal currents (limiting or peak current) recorded
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in the thin layer, in the droplet and in the cast bulk solution were the same the role of the
volatile solvent in the signal decay can be excluded. Another possible explanation for
signal decay could be that the effective concentration of FcMeOH was decreasing. The
adsorption of many ferrocene derivatives to silver (63) and graphite (64) is well known,
as well as the decomposition of many ferrocenium derivatives in the presence of oxygen
(65-68) especially while adsorbed to conductive substrates. The PECs have 500um
diameter silver and graphite as reference and counter electrodes. FcMeOH may have
adsorbed on the silver and graphite electrode surfaces and could have decomposed
following its oxidation. The concentration change due to adsorption would be
particularly significant in the thin membranes (0.3μL in volume) and droplets (10~30μL),
which have much lower volume than the bulk cast solution (80~140uL), and therefore
proportionally less FcMeOH. Furthermore, while cast membranes were in contact with
the PECs only for the duration of the measurements (~30min), the thin-membranes and
droplets of oNPOE were in contact with the PECs throughout the several days long
experiment.
In addition to the signal decay, it was observed that the FcMeOH oxidation waves
occasionally separated into two distinct waves. An example is shown in Fig. 20.
Although the cause of this phenomenon is not clear Davis et al. (69) reported very similar
results in studying the oxidation of FcMeOH with macro electrodes. In coordinating
solvents with nucleophilic supporting electrolytes, they recorded one poorly resolved
peak; however, in non-coordinating solvents with poorly-nucleophilic supporting
electrolyte, the oxidation of FcMeOH resulted two distinct peaks. Davis et al. attributed
this phenomenon to a dimerization between the FcMeOH and its ferrocenium form: the
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product of the oxidation reaction. They also reported that effect was peculiar to FcMeOH
and was not observed with any of the other similar ferrocene alcohols in their study.

Fig. 20. Cyclic Voltammogram of FcMeOH in a Thin Film of
oNPOE Depicting a Pair of Oxidation Waves. The oNPOE film was
applied by dip-coating a PEC in a membrane cocktail without PVC.
In summary, early measurements with FcMeOH in membranes revealed the single
oxidation wave would occasionally separate into two separate waves and only the
experiments with bulk cast solutions provided reproducible results, so FcMeOH was the
was substituted by FcCOOH in the subsequent experiments and reported data on
membrane diffusion and partition coefficients were measured only in cast membranes
rather than in thin membranes applied by dip-coating.
Diffusion Coefficients of FcCOOH in Plasticized PVC Membranes
To demonstrate the utility of voltammetric methods for measuring diffusion
coefficients in membranes, we used FcCOOH as a model compound. First, FcCOOHloaded oNPOE-plasticized cast membranes were fabricated. Next, PECs were pressed
into the membranes and used to collect scan rate sweeps (5 to 9 scans with scan rates
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between 2mV/s and 200mV/s). Finally, diffusion coefficients were calculated from the
scan rate sweep using the method described in Chapter 2. In Fig. 7 we show examples of
the CVs and signal currents from a scan rate sweep collected in FcCOOH-loaded,
oNPOE-plasticized membrane with 1/2 PVC to oNPOE ratio. In Fig. 21 we show three
sigmoidal-shaped CVs, which were recorded in FcCOOH loaded PVC membranes cast
with 1/2, 1/4, and 1/8 PVC to oNPOE ratios. In Table 3 we summarized the diffusion
coefficients calculated from the scan rate dependence of the CVs using the maximum of
estimates from Eq. 11, Eq. 12, and Eq. 13.

Fig. 21. Sigmoidal Cyclic Voltammograms Collected with PECs pressed into
FcCOOH-loaded, Cast Membranes with PVC/oNPOE ratios of 1/2, 1/4 and 1/8.
FcCOOH concentration in the membranes: 1.7mM, Scan Rate: 3mV/s.
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Table 3. Diffusion Coefficients of FcCOOH in oNPOE
Plasticized Membranes with Different PVC/oNPOE Ratios. * 
PVC / oNPOE Ratio

Dm (cm2/s)

1/8
1/4
1/2

(2.2±0.9) x 10-7
(1.5±0.5) x 10-8
(7.7±0.3) x 10-8

* The same data are also reported in Appendix C.

The mean values of Dm and its standard deviations were calculated
from N=7 to N=14 measurements (i.e. scan rate sweeps).

As expected, the diffusion coefficients of FcCOOH increases with the increasing
proportion of plasticizer in the membranes; i.e., with decreasing membrane viscosity.
Similar trends were found with membranes plasticized with octanol and DOS. The
summary of our results is shown in Fig. 22.

Fig. 22. Diffusion Coefficients of FcCOOH in Membranes Cast with Octanol,
oNPOE and DOS as Plasticizers in 1/2, 1/4 and 1/8 PVC to Plasticizer Ratios as
well as in the Pristine Plasticizer Solutions. The mean values of the diffusion
coefficients and their standard deviations were calculated from N=5 to N=16
measurements (e.g. scan rate sweeps) recorded in 2 to 8 batches of membranes. The
same data are also reported in Appendix C.
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Diffusion Coefficients of APAP in Plasticized PVC Membranes
Following the demonstration of the feasibility of the voltammetric method for the
determination of the diffusion coefficients in plasticized PVC membranes, the diffusion
coefficients of APAP were determined in membranes plasticized with octanol, oNPOE,
and DOS in 1/2, 1/4, and 1/8 PVC to plasticizer ratios as well as in pristine plasticizer
solutions. The experimentally determined diffusion coefficients of APAP in these
matrices are summarized in Fig. 23.

Fig. 23. Diffusion Coefficient of APAP in Membranes Cast with Octanol,
oNPOE and DOS as Plasticizers in 1/2, 1/4 and 1/8 PVC to Plasticizer Ratios as
well as in the Pristine Plasticizers Solutions. The mean values of the diffusion
coefficients and their standard deviations were calculated from N=2 to N=24
measurements (e.g. scan rate sweeps) recorded in 2 to 8 batches of membranes. The
same data are also reported in Appendix C.
These results are in agreement with the results of the diffusion coefficient
determinations of FcCOOH and theoretical expectations:
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The diffusion coefficients determined by the voltammetric method are
similar to those published by Bodor et al (28, 29) and Long et al (31) for
similar membranes compositions. However, direct comparison of the
results may not be justified due to differences in the molecular mass of the
studied compounds and differences in the PVC content of the studied
membranes.



The diffusion coefficients increased with increasing plasticizer content for
all combinations of analyte and plasticizer. Increasing plasticizer content
is known to decrease membrane viscosity (43), and diffusion coefficients
are known to increase with decreased viscosity (40).



The diffusion coefficients were found greater in membranes with lessviscous plasticizers (for almost all combination of analyte and
PVC/plasticizer ratio). In other words, Dm in octanol plasticized
membranes was found larger than Dm in oNPOE plasticized membranes
which was found larger than Dm in DOS plasticized membranes, since the
viscosity octanol (ηoctanol =7.6cP) (70) is smaller than the viscosity oNPOE
(ηoNPOE = 13.8cP) (71) which is smaller than viscosity of DOS (ηDOS =
17.2cP) (72) . This trend matches the theoretical expectation based on the
Stokes-Einstein relationship. However, while the Stokes-Einstein
equation can be used to estimates trends among this set of data, it cannot
be used to accurately assess specific values of diffusion coefficients
because the function by which the PVC content increases the viscosity of
the membranes is not known. If the viscosity of the membrane were
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independently known or estimated, then diffusion coefficients could be
estimated with the Stokes-Einstein equation. But in the absence of those
viscosity values, the theoretically-expected diffusion coefficients cannot
be estimated.
Diffusion Coefficients of DIPP in Plasticized PVC Membranes
The Dm of DIPP in octanol, oNPOE and DOS plasticized membranes with 1/2,
1/4, and 1/8 PVC/plasticizer ratios and in pristine plasticizer solutions were determined
using the same experimental protocol as for FcCOOH and APAP. The mean and
standard deviation of the Dm values of DIPP are shown in Fig. 24. The influence of the
plasticizer viscosity on the Dm values for DIPP is somewhat different compared the
influence of the plasticizer viscosity on Dm values for FcCOOH and for APAP. Whereas
with FcCOOH and APAP, Dm in octanol plasticized membranes (ηoctanol =7.6cP) (70)
were always greater than Dm in either oNPOE plasticized membranes (ηoNPOE = 13.8cP)
(71) or DOS plasticized membranes (ηDOS = 17.2cP) (72) with the same PVC/plasticizer
ratio, with DIPP, Dm in octanol plasticized membranes was less than Dm in oNPOE
plasticized membranes and hardly different from Dm measured in DOS plasticized
membranes. The differences in the trends of changes can be seen by comparing Fig. 22,
23 and 24. The same unexpected trend of the diffusion coefficients in PVC membranes
has also been found in pristine plasticizer solutions of octanol, oNPOE and DOS.
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Fig. 24. Diffusion Coefficients of DIPP in Membranes Cast with Octanol,
oNPOE and DOS as Plasticizers in 1/2, 1/4 and 1/8 PVC to Plasticizer Ratios as
well as in the Pristine Plasticizer Solutions. The mean values of the diffusion
coefficients and their standard deviations were calculated from N=2 to N=24
measurements (e.g. scan rate sweeps) recorded in 2 to 8 batches of membranes. The
same data are also reported in Appendix C.
Another unexpected finding related to the Dm values for DIPP in oNPOE and
DOS plasticized membranes is that they were always much greater than the Dm values for
FcCOOH or APAP in the same membranes, despite that the molecular mass of DIPP is
somewhat larger than FcCOOH and APAP (see Appendix A). Larger molecular mass
would imply, by the Stokes-Einstein relationship, that DIPP should have a lower
diffusion coefficient. To demonstrate the magnitude of this difference, in Fig. 25, we
show CVs recorded in oNPOE plasticized membranes (PVC/plasticizer ratio = 1/2)
loaded with DIPP, APAP and FcCOOH. As shown in the figure the concentrationnormalized limiting current for DIPP is almost 5 times greater than for FcCOOH and
APAP.
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Fig. 25. Cyclic Voltammograms Recorded in DIPP, APAP, and FcCOOH-loaded
Membranes with PVC/oNPOE = ½ ratio. Instead of the Current the Current /
Concentration (normalized Currents) are Plotted on the Y-Axis. Scan rate = 3mV/s.
Concentrations: for DIPP = 4mM, for APAP = 1.8mM, for FcCOOH = 1.5mM.
The difference between the diffusion coefficients of DIPP, APAP and FcCOOH is
especially apparent in pristine plasticizer solutions. In these solutions the diffusion
coefficients may be calculated by the Stokes-Einstein equation. Fig. 26 shows the ratio
of the measured Dm and the Stokes-Einstein estimates of Dm (no-slip condition) for
FcCOOH, APAP, and DIPP in pristine plasticizer solutions. In the figure the solid
horizontal line indicates Dm values equal to the Stokes-Einstein estimate with no-slip
boundary condition; while the dashed horizontal indicates Dm values equal to the StokesEinstein estimate with full-slip boundary condition.
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Fig. 26. Ratio of Measured Dm and Stokes-Einstein Estimate of Dm for
FcCOOH, APAP, and DIPP in Octanol, oNPOE and DOS. Solid horizontal
line indicates Dm values equal to the Stoke-Einstein estimate with no-slip
boundary condition, while the dashed horizontal line indicates Dm values equal to
the Stokes-Einstein estimate with the full slip boundary condition. Bars and
whiskers indicate average and standard deviation, respectively, from 5 scan rate
sweeps. Analyte concentration = 1~10mM.
The ratio of the measured Dm vs the Stokes-Einstein estimates of Dm for APAP
were less than 1 in all plasticizer solutions, indicating that the Stokes-Einstein model may
not accurately represent the diffusion of APAP in the three plasticizers solutions of this
study. APAP has the largest polar surface area (PSA) compared to the other analytes
(PSAAPAP (73) = 49 Å2, PSAFcCOOH (74) = 37 Å2, PSAFcMeOH (75) = 20 Å2, PSADIPP (61) =
20 Å2), and this may reduce the diffusion coefficient of APAP in non-polar plasticizers.
APAP molecules may also interact with the organic electrolyte in the plasticizer solution,
which would result an increased effective “hydrodynamic radius”. Diffusion coefficients
measured for DIPP are close to the Stokes-Einstein estimate in octanol, but significantly
above what one would expect based on the Stokes-Einstein estimation in oNPOE and
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DOS solutions even if full-slip conditions are assumed. This disagreement is an
indication of the limited utility of the Stokes-Einstein model for calculating the diffusion
coefficients in plasticizer solutions. The potential role of the 3% by weight of organic
electrolyte, TDDA-TPFPhB, in the deviations from theoretical expectation is also not
known.
Effect of Experimental Conditions on the Variance of Diffusion Coefficients
The standard approach for calculating the overall variance of some experimentally
determined variable is considering the ‘variance due to experimental conditions’ for
collections of experimentally-measured values with a “nested design” such as described
by Sahai and Ojeda in Analysis of Variance for Random Models, Volume 2: Unbalanced
Data (76) . For any given analyte and membrane composition pair, there is a theoretical
“true average Dm” (Dm,μ) with a certain variance (σ2). These can never be known exactly.
Only the “experimental average Dm” (Dm,y) and its variance (s2) can be determined. The
overall or ‘total’ variance (σ2total) in the determination of diffusion coefficients in such a
study design is the sum of variances from three different sources:
1. Variance within scan rate sweeps (σ2γ): Each diffusion coefficient measurement has

some associated variation as quantified by the variance of the slope and or the
variance of the intercept of the line fitted to the signal-current vs square root of scan
rate plot. Physically, this variation may come from any variations of the working
electrode surface (e.g. fouling) or temporary decreases in analyte concentration in the
vicinity of the electrode in consecutive measurements without adequate relaxation
time between scans.
2. Variance between scan rate sweeps (within the same vial) (σ2β): Stemming from the
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inhomogeneity of the membrane (e.g. areas of different viscosities or of different
concentrations) or in the surface area of the working electrode due to polishing.
3. Variance between vials (σ2α): Differences between the membranes in different vials.

These could arise from either batch-to-batch differences in membrane composition or
from differences in the way the membrane was formed during casting.
Hypothetically, for example, differences in temperature, humidity, or ventilation of
evaporating organic solvents might cause a membrane to form differently. For this
analysis, we made no distinction between 1) creating many small, separate batches of
membrane cocktail and casting them into their own individual vials, and 2) creating a
single batch of membrane cocktail and casting portions of it into many separate vials.
Note: in principle, we could have limited the representation of any analyte and
membrane composotion pair to aliquots of a single membrane cocktail. This would
have eliminated batch-to-batch differences in membrane composition.
By dividing each of the variances from different sources by the total variance, the relative
magnitude of each source of variance, or simply “relative variance” (ρ), may be
calculated.
To quantify the relative variance and the confidence intervals around the relative
variances, a two-stage “nested design” of Sahai and Ojeda (76) was used. A diagram of
an example two-stage “nested” study design is shown in Fig. 27 to graphically
communicate the idea of multiple sample vials being created from a given analyte and
membrane composition and multiple scan-rate-sweeps being collected in each sample
vial.
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Fig. 27. Diagram of an Example Two-Stage “Nested” Study Design. From a
single analyte and membrane composition pair, multiple sample vials are created.
From each sample vial, multiple scan rate sweeps are collected. The average Dm
from scan rate sweeps of the same sample vial are representative of that sample vial.
The average Dm from sample vials of the same analyte and membrane composition
pair are representative of that analyte and membrane composition pair.
Under the model of a two-stage nested design, there is assumed to be no
systematic error. Each measured diffusion coefficient (Dm,y) from a scan rate sweep is
the sum of the true diffusion coefficient (Dm,μ) and three normally-distributed random
variables: the effect of different vials (α), and the effect of different scan rate sweeps (β),
and effects of different CVs within scan rate sweeps (γ). These three effects are assumed
to cause no systematic error (i.e. they will neither contribute nor detract from the
expected value of the diffusion coefficient), but they will contribute to the observed
variance of the diffusion coefficient. In fact in this model, the entirety of observed
variance from the nested design may be attributed to the sum of these three variances.
The relative variance of the three effects can also be readily calculated.
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𝐷𝑚,𝑦 = 𝐷𝑚,𝜇 + 𝛼 + 𝛽 + 𝛾
𝐸𝑥𝑝𝑒𝑐𝑡𝑒𝑑 𝑣𝑎𝑙𝑢𝑒 𝑜𝑓 (𝐷𝑚,𝑦 ) = 𝐷𝑚,𝜇 + 0 + 0 + 0
𝑉𝑎𝑟𝑖𝑎𝑛𝑐𝑒 𝑜𝑓 (𝐷𝑚,𝑦 ) = 0 + 𝜎𝛼2 + 𝜎𝛽2 + 𝜎𝛾2
Eq. 34

2
𝜎𝑡𝑜𝑡𝑎𝑙
= 𝜎𝛼2 + 𝜎𝛽2 + 𝜎𝛾2

𝜌𝛼 =

𝜎𝛼2
2
𝜎𝑡𝑜𝑡𝑎𝑙
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2
𝜎𝑡𝑜𝑡𝑎𝑙

𝜌𝛾 =

𝜎𝛾2
2
𝜎𝑡𝑜𝑡𝑎𝑙

Each analyte and membrane composition pair was considered as a separate study.
These may be considered “unbalanced” and “staggered” study designs (76) because of
varying sample sizes. The algorithm for calculating the relative variance and the 95%
confidence interval for the relative variances were constructed according to the equations
provided by Sahai and Ojeda (76). The programmatic implementation is provided in
Appendix D. This validity of the script for calculating relative variance and relative
variance condifence intervales was checked with an example problem from their book
Analysis of Variance for Random Models, Volume 2: Unbalanced Data. The data used in
this statistic analysis is in Appendix F.
The relative variance and the 95% confidence intervals for every analyte nad
membrane composition pair in this study was calculated. See Appendix E. Because the
total number of measurements in each study was limited, most of the variance estimates
had wide confidence intervals. As a preliminary estimate, however, the median relative
variances spanning all analyte and membrane composition pairs in this study are reported
here (and at the end of Appendix E) to only to a single significant figure:
1. Variance within scan rates sweeps, < 0.1%;
2. Variance between scan rates sweeps (within the same vial), ~ 20%;
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3. Variance between vials, ~ 80%.

These results suggest that either batch-to-batch variability in membrane composition
or variability differences in the way the membrane was formed during casting was more
important than local decreases in concentration due to repeated measurement as sources
of variance.
Voltammetric Determination the Octanol/Water Partition Coefficients of FcMeOH
and APAP Following Conventional Liquid-Liquid Extraction
The octanol/water partition coefficient of FcMeOH was measured by the method
described in Chapter 2. The logPow of FcMeOH was calculated as 2.1±0.1 (number of
separation flasks = 5. Number of voltammograms collected per flask = 10. Total number
of measurements, N = 5x10 =50). The value logPow of FcMeOH is similar to the partition
coefficient of FcMeOH reported by Peljo et al. (77) for the1,2-dichlorobenzene and
aqueous solutions system. Peljo et al. (77) reported partition coefficient of P = 82 (logP
= 1.9). The octanol/water partition coefficient of APAP was also measured. The method
for that measurement is also described in Chapter 2. The logPow of APAP was measured
as 0.48±0.07 (N=8), very close to the published value of 0.46 (49). These results
demonstrate the feasibility of the voltammetric method for measuring partition
coefficients with carbon fiber microelectrode-based PECs.
Membrane / Aqueous Partition Coefficients
Among all logPma results, the logPma of APAP in octanol plasticized membranes
are discussed first because they are expected to be comparable to the logPow of APAP.
Results for the logPma of APAP between an aqueous solution and DOS and oNPOE
plasticized membranes is presented next because they allow to discuss the effect of
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plasticizer lipophilicity on logPma. Results for the logPma of FcCOOH and DIPP are
discussed last because we consider those values less reliable due to experimental
difficulties.
Partition Coefficients for APAP: Octanol Plasticized Membranes
Membrane / aqueous partition coefficients of APAP were measured in cast,
octanol plasticized membranes according to the method described in Chapter 2. Initial
concentrations in membrane were between 0.3mM and 3mM. Volume ratios (volume of
the aqueous phase / volume of the membrane) were between 2 and 20. Post-partition
membrane concentrations were between 0.15mM and 1.7mM. Post-partition aqueous
concentrations were between 0.03mM and 0.7mM. Partition coefficients were calculated
using Eq. 14. The recovery of APAP was also determined when the concentrations in
both phases were determined following the extraction experiments. Selected examples of
APAP recovery are shown in Fig. 28. The recovery of APAP was always close to 100%,
i. e., the difference in the total amount of APAP in the two phases pre-, and post-partition
was statistically not significant.
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Fig. 28. The Ratios of Analyte Contents Measured Post-Partition in the
Membranes and in the Aqueous Solutions to Analyte Contents Pre-Partition.
Six Examples (vial #1 ~ vial#6) and the Pooled Average of the Six Examples. The
blocks represent the mean values while the error bars the standard deviations of N= 9
measurements The block labeled as pooled show the average and standard deviation
of the six examples.
According to the protocol utilized for the determination of membrane/aqueous
partition coefficients (Chapter 2), APAP loaded membranes were equilibrated with an
aqueous solution overnight (~12 hours). The membrane/aqueous solution volume ratio
was the same in all experiments. All membranes were allowed to dry for at least 12
hours’ post-partition, and APAP concentrations in the membranes were measured in the
dry membranes. To demonstrate that complete equilibrium indeed has been achieved in
12 hours, in some experiments 36 hours equilibration times were used and the residual
concentrations of APAP in the membranes after 12 and 36 hours of equilibration were
compared. The concentration of APAP in the membrane phase after 12 hours of
equilibration with the aqueous solution was found to be statistically the same (p = 0.41)
as the concentration in membranes equilibrated for 36 hours with an aqueous solution.
See Fig. 29.
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Fig. 29. Residual Fractions of APAP in Membranes After 12hrs or
36hrs of Equilibration with Aqueous Solutions. The membranes were
loaded with 0.3, 1.0 and 3.0mM APAP. Membrane volumes: 0.2mL;
Extraction volumes: 0.5mL. The last two columns, labeled as “pooled”,
represent the mean values of the residual fractions and are plotted with their
standard deviations.
Average logPma values for APAP between an aqueous solution and octanol
plasticized membranes with different PVC/octanol ratios are shown in Fig. 30.
Apparently PVC/octanol ratio had no effect on the measured values for logPma of APAP.
The logPma values for APAP between an aqueous solution and octanol plasticized
membranes were the same for all the tested PVC/octanol ratios, and were equivalent to
the logPow of APAP.
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Fig. 30. The logPma Values of APAP Between Aqueous Solutions and Octanol
Plasticized Membranes and logPow of APAP. Error bars represent standard
deviations for N measurements indicated in the table below the corresponding bars.
The sameCoefficients
data are alsofor
reported
Appendix
C.
Partition
APAP:inDOS
Plasticized
Membranes
Membrane / aqueous partition coefficients of APAP were measured between
aqueous solutions and cast DOS plasticized membranes according to the method
described in Chapter 2. Partition coefficients were calculated using Eq. 14. In Fig. 31,
the logPma values between aqueous solutions and octanol and DOS plasticized
membranes are compared. Similar to the Pma values of APAP measured between aqueous
solutions and octanol plasticized membranes, the logPma values measured between
aqueous solutions and DOS plasticized membranes were independent from PVC/DOS
ratio. From 65 measurements the mean logPma value of APAP between aqueous solutions
and cast DOS membranes was determined as logPma= -0.6±0.4 but the experimental
values scattered between logPma = -0.4 and logPma = -1.2. Comparison of the logPma
values measured with octanol and DOS plasticized membranes suggests that plasticizer
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that the lipophilicity of the plasticized strongly influences the logPma values. However,
while APAP preferentially remained in membranes plasticized with octanol, it
preferentially partitioned out of membranes plasticized with DOS. As with octanol
plasticized membranes, the recovery rates were all effectively 100% (not shown), and
results calculated from measurements in membranes equilibrated for 12 and 36 hours
were equivalent (not shown).

Fig. 31. The logPma Values of APAP Between Octanol and DOS
Plasticized Membranes and Aqueous Solutions. The blocks
represent the mean values and the error bars represent standard
deviations (N=8~28). Tabular values are also listed in Appendix C.
Partition Coefficients for APAP: oNPOE Plasticized Membranes
Membrane / aqueous partition coefficients of APAP were measured in between
aqueous solutions and cast oNPOE plasticized membranes according to the method
described in Chapter 2. Partition coefficients were calculated using Eq. 14. Recovery
rates of APAP in these experiments were between 70 and 90%. See Fig. 32. Results
from measurements after 12 hours and 36 hours equilibration were the same (not shown).
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Fig. 32. The Ratios of Analyte Content in Pre-Partition Membrane, PrePartition Aqueous, Post-Partition Membrane, and Post-Partition Aqueous
to Pre-Partition Analyte Content for Three Examples of APAP in oNPOE
Membranes. The blocks represent the mean values while the error bars the
standard deviations of N= 9 measurements The block labeled as pooled show
the average and standard deviation of the six examples.
The average and standard deviation of logPma values of APAP between aqueous
solutions and oNPOE plasticized membranes with different PVC/plasticizer ratios are
shown in Fig. 33 along with the analogous data for octanol and DOS plasticized
membranes.
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Fig. 33. The logPma Values of APAP Between Octanol, oNPOE, and DOS
Plasticized Membranes and Aqueous Solution. The blocks represent the
mean values and the error bars represent standard deviations (N=8~28).
Tabular values are also listed in Appendix C.
Values for the logPma of APAP between aqueous solutions and oNPOE
plasticized membranes were scattered in a wide range. Due to the less than 100%
recovery of APAP in these experiments and the large standard deviation of the results this
value should be treated with extreme caution. The average values were determined as
logPma = 0.5 ± 0.2 for octanol plasticized membranes; logPma = -0.1 ± 0.5 for oNPOE
plasticized membranes; and logPma = -0.6 ± 0.4 for DOS plasticized membranes. Similar
to the octanol and DOS plasticized membranes the PVC/oNPOE ratios do not appear to
have a significant influence on the logPma values (total # of measurements, N = 37 with
PVC/oNPOE ratios of ½, ¼ and 1/8). However, the power of the statistical analysis was
unsatisfactory due to the very large standard deviations in the experimentally determined
68

values. APAP preferentially partitions into octanol plasticized membranes, partitions out
of DOS plasticized membranes, and has a small preference for the aqueous solution
compared to the oNPOE plasticized membranes. This trend of partitioning matches the
expectations based on the lipophilicity of the three plasticizers: for octanol, logPow = 3.0
(78); for oNPOE, logPow = 5.4 (79); for DOS, logPow = 9.8 (80).
Partition Coefficients of FcCOOH
Membrane / aqueous partition coefficients of FcCOOH were measured between
an aqueous solution and octanol, oNPOE, and DOS plasticized membranes with
PVC/plasticizer ratios of 1/2, 1/4, and 1/8 according to the method described in Chapter
2. Unfortunately, the recovery rates of FcCOOH in these experiments were very
unacceptably low, ranging between 5% and 30%. This strongly implies that the analyte
FcCOOH was decomposing during the experiment. This is in stark contradiction to our
findings on the stability of FcMeOH in bulk plasticizer solutions (see Fig. 19). But, upon
review of the scientific literature, decomposition of ferrocenium and some ferrocenium
derivatives (65, 66, 81) especially in aqueous solutions is widely reported in (65, 66, 81).
In some samples (oNPOE membranes with PVC/plasticizer ratios of 1/2, 1/4, and 1/8 and
DOS plasticized membranes with PVC/plasticizer ratios of 1/4, and 1/8), post-partition
concentrations had been measured in both phases (both membrane and aqueous) so
partition coefficients could be calculated directly from Eq. 14. The logPma values for
these membranes were similar regardless of plasticizers and PVC/plasticizer ratio:
uniformly in the range of 0.9~1.2, with a mean logPma value of 1.1. See Appendix D. In
other samples, however (octanol membranes with PVC/plasticizer ratios of 1/2, 1/4, and
1/8 and in DOS membranes with PVC/plasticizer ratios of 1/2), post-partition coefficients
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were measured in the aqueous phase only. Since it is likely that FcCOOH decomposed in
these systems too, true logPma values could not be measured. The logPma values
calculated with the assumption of 100% recovery rates significantly over-estimated the
post-partition amount of analyte in membrane, and hence over-estimated the logPma
values. The logPma values of FcCOOH based on post-partition measurements only in the
aqueous phase ranged from 2.0 to 2.5 for all membrane compositions. The fact that the
“aqueous-only” logPma values of FcCOOH calculated from post-partition measurements
in the aqueous phase were for all membrane compositions in the same range suggests that
the logPma values of FcCOOH are independent of the plasticizer and the PVC/plasticizer
ratio. In summary, it is appears that the (true) logPma of FcCOOH in all membranes of
this study are the same, and are within the range of 0.9 to 1.2 with a mean value of 1.1.
Interestingly, the logPow of FcMeOH, the measurement of which we described
above, was also within this 2.0~2.5 range. This value was computed from “aqueous only”
measurements with an unverified assumption of 100% recovery rate. In comparison with
the results in membranes for the structurally-similar FcCOOH compound, then, it is
possible that the logPow value FcMeOH, which has been calculated from the
determination of the post partition amounts of FcMeOH in the aqueous phase, is also
significantly larger than the true logPow.
Membrane / Aqueous Partition Coefficients of DIPP
The logPma of DIPP could only be measured for octanol plasticized membranes
made with 1/8 PVC/plasticizer ratio. The value of logPma of DIPP between an aqueous
solution and this membrane was logPma =3.8 ± 0.5. This value is in agreement with
previously reported data for the octanol-water partition coefficient of DIPP (logPow = 3.8
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~ 4.2) (7, 82). This large logPma value is close to the upper limit of a partition coefficient
values which may be measured with the shake flask method considering the detection
limit and the reproducibility of the voltammetric method (44). In fact, in our attempts to
assess DIPP concentrations in DOS and oNPOE plasticized membranes following their
equilibration with large volumes of aqueous solutions (post-partition concentration of
loaded membranes) these concentrations were statistically indistinguishable from the prepartition concentrations. Consequently, reliable logPma values for DIPP could not be
determined for DOS and oNPOE plasticized membranes. The results simply suggest that
the logPma values were larger than 4.5 (logPma > 4.5). This upper value was calculated by
considering the precision of the measurements (COV~30%) and the experimental
conditions (generally five limiting current measurements were collected pre- and postpartition). Given the low sample size and high variance in the limiting/peak currents, the
post-partition currents should have been about 50% the average pre-partition current to be
statistically distinguishable with 90% confidence from the pre-partition currents.
Selecting a Va/Vm = 5000 volume ratio at least 3 extraction are needed (ε=3) to reach the
required post-partition / pre-partition signal ratio of imε / im0 = 50%. Consequently, if Eq.
22 is used to calculate logPma the upper limit of quantitative assessment is logPma = 4.5.
Summary of Membrane / Aqueous Partition Coefficient Results
In agreement with the expectations the measured logPma values were primarily
determined by the hydrophilic/hydrophobic properties of the analyte and the membrane's
plasticizer. PVC/plasticizer ratios apparently do not influence the logPma values. See
Appendix C. As expected the logPma values of the three analytes are closely correlated to
the analyte lipophilicitie’s assessed by the logPow values, i.e.: logPow of APAP = 0.3~0.5
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(49), logPow of FcCOOH = 2.0 (83), and logPow of DIPP = 3.8~4.2 (7, 82). Among the
three compounds, APAP is the least lipophilic, FcCOOH has intermediate lipophilicity,
and DIPP is the most lipophilic. Consequently, logPow,APAP < logPow,FcCOOH < logPow,DIPP.
This sequence of logPma values is apparent in every type of membrane in this study. See
Fig. 34. It was also expected that logPma values for less lipophilic analytes (e.g. APAP)
might decrease with increasing plasticizer lipophilicity, while logPma values for more
lipophilic analytes (e.g. DIPP) might increase with plasticizer lipophilicity. In agreement
with expectation, logPma values for APAP decreased with increasing plasticizer
lipophilicity. The correlation between the plasticizer lipophilicity and the logPma values
for DIPP was not conclusive, however. The logPma values for DIPP might have slightly
increased or remained constant with increasing plasticizer lipophilicity. The logPma
values for FcCOOH apparently were not influenced by the plasticizer lipophilicity. The
correlation between the plasticizer lipophilicity and the logPma values is summarized in
Fig. 34.
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Fig. 34. Correlation Between the Plasticizer Lipophilicity and the logPma Values for
DIPP, FcCOOH, and APAP between Aqueous Solutions and Plasticized PVC
Membranes. Error bars represent standard deviations of the measured logPma values.
Tabular values are listed in Appendix C.
In summary, the shake-flask method might not be adequate if the decomposition
of the analyte is not negligible during the experiment and for the measurement of very
high Pma values, e.g., for the determination of logPma values as large as for DIPP
(logPma>4). Under such circumstances flow-through and chromatographic methods may
be used. Since the equilibration is generally faster in flow-through and chromatographic
methods potential errors related to the decomposition of the analyte can be significantly
reduced. In addition, chromatographic (44) methods allow the determination of very
large partition coefficients (e.g., logPma>>4) accurately and flow-through methods mimic
the utilization of membrane-coated electrochemical sensors in which the logPma values
determine the life time (potentiometric sensors) and the detection limit and the selectivity
of the sensors (voltammetric sensors) (7).
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Chapter 4. Conclusions
The Dm and Pma values of FcCOOH, APAP, and DIPP in plasticized PVC
membranes and plasticizer solutions were measured voltammetrically with PECs. The
PECs were also used for the determination of the diffusion coefficient of FcMeOH in
resistive solvents and for the measurement of the logPow of APAP and FcMeOH. In the
PECs a 10μm diameter carbon fiber electrode was used as working electrode. The
diffusion coefficients measured in plasticized membranes, plasticizers, and organic
solvents were similar to previously published values and generally consistent with the
Stokes-Einstein model to estimate diffusion coefficients from the viscosity of the media.
However, the Dm values for APAP in plasticizer solutions were only about half the
Stokes-Einstein estimates. This might be explained by the assumption that the
“hydrodynamic” radius of APAP molecules is greater than the nominal radius of APAP
molecules due to potential interactions between APAP molecules and the organic
electrolyte additive utilized to reduce the resistance of the plasticizer solutions and
plasticized membranes. Furthermore, the Dm values for DIPP in oNPOE and DOS
solutions were more than twice as large as their Stokes-Einstein estimates. The larger
than expected diffusion coefficients might be explained by the assumption that there is
only minimal interaction between the lipophilic DIPP molecules and the lipophilic
plasticizer molecules (oNPOE and DOS). In summary it can be stated that the diffusion
coefficients in membranes and membrane plasticizers are dominated by the analyte size
(i.e. radius) and plasticizer viscosity but are also influenced by the interaction between
the analyte and plasticizer. The deviations from the Stokes-Einstein equations are larger
than implied by different values of the Sutherland coefficient.
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The voltammetrically measured logPow and logPma of APAP matched the
published values of logPow for APAP. The agreement between the logPow values
measured by voltammetry in this work and published for various other methods
demonstrate the feasibility of the voltammetric method. Pma values were found to be
independent from the PVC/plasticizer ratio. However, Pma values depend strongly on the
lipophilicity of the analyte and the plasticizer. In agreement with theoretical
expectations, the Pma of the very lipophilic DIPP increased with plasticizer lipophilicity,
while the Pma of the hydrophilic APAP decreased with plasticizer lipophilicity. More
importantly, though, it shows that the use of logPow as an estimate for logPma may not be
appropriate for membranes with plasticizers, which are sufficiently different from
octanol. This emphasizes the importance of simple techniques to measure those values.
With regard to the DIPP sensor application, the results summarized in this
dissertation suggest that the utilization DOS as plasticizer in the DIPP sensor membrane
is the most promising among the three plasticizers considered in this study. DOS
plasticized membranes provide the best selectivity due to the high logPma of DIPP and
low logPma of APAP compared to octanol and oNPOE plasticized membranes. The
enhanced diffusion coefficients of DIPP in DOS plasticized membranes and reduced
diffusion coefficients of APAP (versus Stokes-Einstein estimate) on the other hand also
contributes to the better selectivity for sensors with DOS plasticized membranes
compared to sensors with octanol or oNPOE plasticized membranes. Related to the
sensitivity of the DIPP sensor it is interesting to note that the Dm of DIPP in DOS and
octanol plasticized membranes are approximately the same, while the Pma of DIPP is
much greater for DOS than for octanol plasticized membranes. Consequently, the
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sensitivity and detection limit of DIPP sensors are expected to be better with DOS
compared to octanol plasticized membranes. The Dm of DIPP is approximately 3 times
lower in DOS compared to oNPOE plasticized membranes, but the difference in the Pma
of DIPP for DOS and oNPOE plasticized membranes could not be determined with
adequate accuracy. The Pma of DIPP is expected to be greater for DOS than oNPOE
plasticized membranes but the ratio of the expected Pma values could not be estimated.
So, in a direct comparison it’s not clear whether the sensitivity and detection limit of
DIPP sensors would be better with DOS plasticized membranes or with oNPOE
plasticized membranes. In general, the PVC/plasticizer ratio has little or no overall effect
on the Pma values. Use of membranes with smaller PVC/plasticizer ratios is expected to
result sensors with better sensitivity and detection limit, but membranes cast with less
PVC have worse mechanical properties. Changing the PVC/plasticizer ratio is not
expected to effect the selectivity of the DIPP sensor because changing the
PVC/plasticizer ratio effects the diffusion coefficient of the target analyte (DIPP) and
possible interferents (e.g. APAP, etc.) equally. Based the results of this study, the use of
DOS plasticized membranes, compared to membranes plasticized by octanol or oNPOE,
seem most likely to provide DIPP sensors with the best selectivity, sensitivity, and
detection limit.
Although the voltammetric method discussed in this dissertation is not more
precise than other methods for measuring Dm and Pma values, it may complement the
conventional methods when those alternatives are not practical. The voltammetric
measurements of Dm described in this study had COV between 10 and 40%. This value is
somewhat higher than the COV for the electrochemical techniques reported by Bodor
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(28) and the radio-tracer methods (32), and was much higher than the COV for the optical
methods reported by Bodor et al (28) and Long et al (31). The COV of voltammetrically
measured logPow values were between 4 and 14%, very similar to other methods. On the
other hand, the COV of logPma values (between 20 and 60%) were somewhat greater than
the COV for the optical method reported by Chen et al (27). The voltammetric methods
for measuring Dm and Pma, however, are simple and can be used when optical methods or
certain electrochemical methods are not feasible. For example, when the analyte is not
optically detectable, or when oxidation/reduction of the analyte in the native sample
medium (e.g. the oxidation of DIPP in aqueous solutions (9)) would cause electrode
fouling. In this dissertation the importance of the determination of diffusion and
partition coefficients has been discussed related to the amperometric DIPP sensor.
However, the measurements are equally important in other applications such as: ionselective electrodes (28), pharmaceutical screening (27), drug delivery devices (84), and
waste water treatment (85, 86). The described voltammetric methods can support the
characterization and optimization of membrane-coated sensors and other applications
where quantification of diffusion and partition properties of polymer membranes is
essential.
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Appendix A. Molecular Radii Estimated from Volume per Mole.
Analyte

Metric

Ferrocene

density (g/cm3)

Ferrocene
Ferrocene methanol
Ferrocene methanol
Ferrocene Carboxylic
Acid
Ferrocene Carboxylic
Acid
Acetaminophen
Acetaminophen
Acetaminophen
Acetaminophen
Propofol
Propofol
Propofol

Propofol

hydro. radius
in acetone
(ang)
molecular
weight (g/mol)

Value
1.49
3.2

Source
EMD Millipore.
http://www.emdmillipore.com/
(87)

Sigma Aldrich.
www.sigmaaldrich.com/
(estimated as = molecular weight of
Est. Volume
145.0 ferrocene methanol / density of
per mole (cm3)
ferrocene)
molecular
Sigma Aldrich.
230.04
weight (g/mol)
www.sigmaaldrich.com/
(estimated as = molecular weight of
Est. Volume
154.4
ferrocene carboxylic acid / density of
per mole (cm3)
ferrocene)
molecular
Sigma Aldrich.
151.2
weight (g/mol)
www.sigmaaldrich.com/
Haynes, W.M. (ed.). CRC Handbook
3
density (g/cm ) 1.29 of Chemistry and Physics. 94th
Edition.
Est. Volume
(estimated as = molecular weight /
117.2
3
per mole (cm )
density)
Chemspider. Royal Society of
Est. Volume
120.9
Chemistry.
per mole (cm3)
http://www.chemspider.com/
molecular
Sigma Aldrich.
178.27
weight (g/mol)
www.sigmaaldrich.com/
Sigma Aldrich.
density (g/cm3) 0.962
www.sigmaaldrich.com/
Est. Volume
(estimated as = molecular weight /
185.3
per mole (cm3)
density)
Est. Volume
per mole (cm3)

216.06

188.0
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Chemspider. Royal Society of
Chemistry.
http://www.chemspider.com/

Volume per
Radius (nm)
mole (cm3)
Acetaminophen
119.0
0.32
Ferrocenemethanol
145.0
0.34
Ferrocene Carboxylic Acid
154.4
0.35
Propofol
186.7
0.37
Analyte
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Radius (angstroms)
3.2
3.4
3.5
3.7

Appendix B. Script Used to Model Accuracy of Randles-Sevcik and Microelectrode
Equation Estimates of Diffusion Coefficient.
The following computer code or ‘script’ models the accuracies of the Randles-Sevcik and
microelectrode equation estimates of diffusion coefficient. The electrode radius (‘r’) and
scan rates (‘scan_rates’) parameters was set to match the values relevant to the
experiments described in this report. The script is written in Python 2.7 and was run on
an Anaconda 4.0 distribution.

########################################################################
########################################################################
from math import pi
from scipy import stats
import matplotlib.pyplot

as plt

import numpy as np
import math
from matplotlib import ticker

## Physical constants, and constant experimental variables.
n=1

# Number of transferred electrons, [unitless]

F = 96485

# Faraday's Constant, C/mol

R = 8.314

# Universal Gas Constant, CV/molK
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T = 298
C = .00001

# Temperature, K
# Analyte Concentration, mol/cm3

r = .0005

# Electrode Radius, cm

alp = 0.5

# Charge Transfer Coefficient [unitless], used for irreversible reactions

# Unitless parameters for reversible reactions from table in 'Electrochemical Methods' for
reversible reactions
# Note: the 0th values in pxst and phst were approximated.
nemeo = [150,120,100,80,60,50,45,40,35,30,25,20,15,10,5,0,-5,-10,-15,-20,-25,-28.5,30,-35,-40,-50,-60,-80,-100,-120,-150]
pxst =
[.003,.009,.02,.042,.084,.117,.138,.16,.185,.211,.24,.269,.298,.328,.355,.38,.4,.418,.432,.
441,.445,.4463,.446,.443,.438,.421,.399,.353,.312,.28,.245]
phst =
[.003,.008,.019,.041,.087,.124,.146,.173,.208,.236,.273,.314,.357,.403,.451,.499,.548,.59
6,.641,.685,.725,.7516,.763,.796,.826,.875,.912,.957,.98,.991,.997]

# Unitless parameters for reversible reactions from table in 'Electrochemical Methods' for
reversible reactions
aemeo = [80,70,60,50,40,35,30,25,20,15,10,5,0,-5,-5.34,-10,-15,-20,-25,-30,-35]
pxbt =
[.073,.104,.145,.199,.264,.300,.337,.372,.406,.437,.462,.480,.492,.4966,.4958,.493,.485,.
472,.457,.441,.423]
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phbt =
[.004,.010,.021,.042,.083,.115,.154,.199,.253,.323,.396,.482,.600,.685,.694,.755,.823,.89
5,.952,.992,1]

# (Default) Scan rates, V/s
scan_rates = [.003,.006,.01,.02,.03,.06,.1,.2]

########################################################################
######
########################################################################
######
# Utility Functions
########################################################################
######
########################################################################
######

def Round_To_n(x, n):
"""
(number,number) --> float
Given a number, 'x', which may have many significant figures,
and a number of significant figures, 'n', this function returns the number
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'x' rounded to the number of sig. figs. given by 'n'.
>>> Round_To_n(12534,1)
10000.0
>>> Round_To_n(.00234232,1)
0.002
"""
if x==0:
return 0
else:
return round(x, -int(np.floor(np.sign(x) * np.log10(abs(x)))) + n-1)

def scinote(v):
"""
(number) --> string
Given a number, returns a string formatted as the scientific notation
of the given number.
"""
if v==0:
expo = 0
else:
expo = int(math.floor(math.log10(np.abs(v))))
coeff = round(v/10**expo,1)
if expo<0:
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return "{0}x$10^{{-{1}}}$".format(coeff,np.abs(expo))
else:
return "{0}x$10^{1}$".format(coeff,expo)

def omrange(mini,maxi,count):
"""
(number,number,number) --> list
Given a minimum, maximum, and how many numbers you want in the output,
returns a list of numbers (rounded to one sig. fig.) spread out between
the minimum and maximum by an order of magnitude.
"""
scaler = (float(maxi)/float(mini))**(1/float(count))

out = []
for j in range(count):
out.append(Round_To_n(mini*scaler**j,1))
out.append(Round_To_n(maxi,1))

# in case of low counts (usually 1-3)
if len(out)>count:
out = out[:count]

# in case there are repeats
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if len(set(out))<len(out):
out = []
for j in range(count-1):
out.append(Round_To_n(mini*scaler**j,2))
out.append(Round_To_n(maxi,1))

# in case of low counts (usually 1-3)
if len(out)>count:
out = out[:count]

return out

########################################################################
######
########################################################################
######
# Electrochemcial Modeling Functions
########################################################################
######
########################################################################
######
"""
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Note: in the equations below,
'v' represents 'square root of scan rate',
in units of (V/s)^(1/2)

## Variables of note.
vrng = 'scan rate range', this is *should be* a list of scan rates
in units of V/s.
"""

def oxidation_wave(n,F,R,T,C,r,D,v,reversible=True):
"""
Given the experimental variables, models the oxidation wave which would
be collected from an inlaid disc, and returns the maximum current (aka the
peak and/or limiting current, aka the "signal current").
"""
# 'nemeo' not used directly, we only need the correlating pxst and phxt values.
ia = []

# the list of current generated by the model

A = pi*r**2

# area

if reversible:
s = (n*F*v/R/T)

# sigma

for x in range(len(nemeo)):
px=pxst[x]
ph=phst[x]

96

i = n*F*A*(D**.5)*C*(s**.5)*px + 4*n*F*D*C*ph*r
ia.append(Round_To_n(i,3))
else:
b = (alp*F*v/R/T)
for x in range(21):
px=pxbt[x]
ph=phbt[x]
i = F*A*(D**.5)*C*(b**.5)*px + 4*F*D*C*ph*r
ia.append(Round_To_n(i,3))
return ia

def signal_current(n,F,R,T,C,r,D,v,reversible=True):
"""
Given the experimental variables, models the oxidation wave which would
be collected from an inlaid disc, and returns the maximum current (aka the
peak and/or limiting current, aka the "signal current").
"""
# 'nemeo' not used directly, we only need the correlating pxst and phxt values.
ia = []

# the list of current generated by the model

A = pi*r**2

# area

if reversible:
s = (n*F*v/R/T)

# sigma

for x in range(30):
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px=pxst[x]
ph=phst[x]
i = n*F*A*(D**.5)*C*(s**.5)*px + 4*n*F*D*C*ph*r
ia.append(i)
else:
b = (alp*F*v/R/T)
for x in range(21):
px=pxbt[x]
ph=phbt[x]
i = F*A*(D**.5)*C*(b**.5)*px + 4*F*D*C*ph*r
ia.append(i)
return max(ia)

def scan_rate_sweep(n,F,R,T,C,r,D,vrng=scan_rates,reversible=True):
"""
Given the experimental variables, models the expected oxidation currents,
'plots' the signal currents vs sqrt of scan rate, draws a trendline through
them, and returns the slope and y-intercept of that trendline.
"""
x = [] # square root of scan rate
y = [] # peak and/or limiting current
if isinstance(vrng,list):
sr = scan_rates
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for v in sr:
x.append(v**.5)
i = signal_current(n,F,R,T,C,r,D,v,reversible)
y.append(i)
slope, intercept, r_value, p_value, std_err = stats.linregress(x,y)
return slope,intercept

def RS_uE_est(n,F,R,T,C,r,D,vrng=scan_rates,reversible=True):
"""
Given the experimental variables of a scan rate sweep (including a known
diffusion coefficient), models the expected results and returns the
Randles-Sevcik estimate of diffusion coefficient (rD) and the
microelectrode equation estimate of diffusion coefficient (uD).
"""
slope,intercept = scan_rate_sweep(n,F,R,T,C,r,D,vrng,reversible)
A = pi*r**2
rD = (slope/(269000*(n**1.5)*A*C))**2
uD = intercept/(4*n*F*C*r)
return rD,uD

def RS_uE_accuracy(n,F,R,T,C,r,D,vrng=scan_rates,reversible=True):
"""
Given the experimental variables of a scan rate sweep (including a known
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diffusion coefficient), models the expected results and returns
1) the accuracy of the *reversible reaction* Randles-Sevcik estimate
of diffusion coefficient (rsa)
2) the accuracy of the *irreversible reaction* Randles-Sevcik estimate
of diffusion coefficient (ira)
3) the accuracy of the microelectrode equation estimate of diffusion
coefficient (uea) [which is the same for both reversible and
irreversible reactions].
"""
slope,intercept = scan_rate_sweep(n,F,R,T,C,r,D,vrng,reversible)
A = pi*r**2
rsD = (slope/(269000*(n**1.5)*A*C))**2
irD = (slope/(299000*(alp**0.5)*A*C))**2
ueD = intercept/(4*n*F*C*r)
rsa = rsD/D
ira = irD/D
uea = ueD/D
zea = (40.33*(n*F*vrng[0]*(r**2)/(R*T*D))**.5)/100
return rsa,ira,uea,zea

def generate_estD(minD,maxD,minC,maxC,count,reversible=True):
"""
Given a lower and higher diffusion coefficient and a lower and higher
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analyte concentration, returns a list-of-lists which has the Randles-Sevcik
and microelectrode estimates of diffusion coefficient for every combination
of (actual) diffusion coefficient and analyte concentration.
"""
crng = omrange(minC,maxC,count)
drng = omrange(minD,maxD,count)
CsxDs = []
for c in crng:
for d in drng:
rD,uD = RS_uE_est(n,F,R,T,C,r,d,reversible)
CsxDs.append([c,d,rD,uD])
return CsxDs

########################################################################
#####
########################################################################
#####
# Plot Functions
########################################################################
#####
########################################################################
#####
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def switchoff_D(minD,maxD,count,plots=['rrs','ue','irs','comb','zoski'],reversible=True):
"""
Plots the accuracy of several estimates of diffusion coefficient versus
the (true) diffusion coeffcient.

Available plots: ['rrs','ue','irs','comb','zoski','rsh']

"""
drng = omrange(minD,maxD,count)

# diffusion coefficient range

vec = {}
for p in plots:
vec[p]=np.array([])

for d in drng:
# Randles-Sevcik estimate, Microelectrode estimate.
rsa,ira,uea,zea = RS_uE_accuracy(n,F,R,T,C,r,d,scan_rates,reversible)
rsha,__,__,__ = RS_uE_accuracy(n,F,R,T,C,r,d,[.06,.1,.2],reversible)
if 'rrs' in plots:
vec['rrs'] = np.append(vec['rrs'],rsa)
if 'ue' in plots:
vec['ue'] = np.append(vec['ue'],uea)
if 'irs' in plots:
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vec['irs'] = np.append(vec['irs'],ira)
if 'zoski' in plots:
vec['zoski'] = np.append(vec['zoski'],zea)
if 'comb' in plots:
rse = rsa*d
uee = uea*d
bpe = 1.1*np.mean([rse,uee])
bpa = bpe/d
vec['comb'] = np.append(vec['comb'],bpa)
if 'rsh' in plots:
vec['rsh'] = np.append(vec['rsh'],rsha)
fig = plt.figure()
ax1 = fig.add_subplot(1,1,1)
ax1.plot(drng,np.ones(len(drng)),label='True Diffusion Coeff')
ax1.plot(drng,np.ones(len(drng)),label='$D_{true} / D_{true}$')
if 'rrs' in plots:
ax1.plot(drng,vec['rrs'],'-^',label='$D_{RS} / D_{true}$')
if 'ue' in plots:
ax1.plot(drng,vec['ue'],'-o',label='$D_{{\mu}e} / D_{true}$')
if 'irs' in plots:
ax1.plot(drng,vec['irs'],'m-v',label='Irreversible RS Est.')
if 'zoski' in plots:
ax1.plot(drng,vec['zoski'],'m-v',label='Zoski Error.')

103

if 'comb' in plots:
ax1.plot(drng,vec['comb'],'-s',label='$D_{comb} / D_{true}$')
if 'rsh' in plots:
ax1.plot(drng,vec['rsh'],'m-v',label='Randles-Sevcik - High only')
plt.xlabel('True Diffusion Coefficient, $D_{true}$ (cm$^2$/s)')
plt.ylabel('$D / D_{true}$')
ax1.get_xaxis().set_major_formatter(ticker.FuncFormatter(scinote))
ax1.set_xscale("log")
ax1.set_ylim((0.3,1.1))
ax1.legend(loc='lower left')
matplotlib.rcParams.update({'font.size': 20})
plt.tight_layout()

########################################################################
#####
########################################################################
#####
# Plot Instructions
########################################################################
#####
########################################################################
#####
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switchoff_D(minD=.0000000001,maxD=.00001,count=30,
plots=['rrs','ue'],reversible=True)

switchoff_D(minD=.0000000001,maxD=.00001,count=30,
plots=['rrs','ue','comb'],reversible=True)
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Appendix C. Summary Table of Results
Octanol

oNPOE

DOS

PVC/Plast Diffusion Coefficient, Diffusion Coefficient, Diffusion Coefficient,
Ratio

Dm (10-7 cm2/s)

Dm (10-7 cm2/s)

mean st.dev count mean st.dev

count

Dm (10-7 cm2/s)
mean st.dev

count

1/2

2.6

0.8

9

0.8

0.3

15

0.6

0.4

9

1/4

3.6

1.1

8

1.5

0.5

16

0.6

0.4

6

1/8

4.4

1.3

7

2.2

0.9

14

1.1

0.2

8

0/1

7.2

1.5

5

5.1

0.4

5

2.3

0.6

5

FcCOOH
Octanol
PVC/Plast Partition Coefficient,
Ratio

oNPOE

DOS

Partition Coefficient,

Partition Coefficient,

logPma

logPma

logPma

mean st.dev count mean st.dev
1/2

2.1

0.7

5

count

mean st.dev

count

0.9

0.0

3

2.3

0.0

6

1/4

1.2

0.2

5

0.9

0.1

4

1/8

1.1

0.4

6

1.2

0.1

5

0/1
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Octanol

oNPOE

DOS

PVC/Plast Diffusion Coefficient, Diffusion Coefficient, Diffusion Coefficient,
Ratio

Dm (10-7 cm2/s)

Dm (10-7 cm2/s)

Dm (10-7 cm2/s)

mean st.dev count

mean st.dev count

mean st.dev count

1/2

5.1

3.1

6

5.9

0.6

11

2.3

0.2

3

1/4

4.1

1.6

6

6.5

1.3

5

3.5

0.4

3

1/8

7.8

3.0

24

12.1

1.2

5

4.6

0.5

3

0/1

16.1

0.9

2

22.3

1.8

2

15.4

0.8

2

DIPP
Octanol

oNPOE

DOS

Partition Coefficient,

Partition Coefficient,

logPma

logPma

logPma

mean st.dev count

mean st.dev count

mean st.dev count

PVC/Plast Partition Coefficient,
Ratio

1/2

x

x

x

x

x

x

x

x

x

1/4

x

x

x

x

x

x

x

x

x

1/8

3.8

0.5

36

x

x

x

x

x

x

0/1
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Octanol

oNPOE

DOS

PVC/Plast Diffusion Coefficient, Diffusion Coefficient, Diffusion Coefficient,
Ratio

Dm (10-7 cm2/s)

Dm (10-7 cm2/s)

Dm (10-7 cm2/s)

mean st.dev count

mean st.dev count

mean st.dev count

1/2

1.3

0.3

10

0.5

0.3

4

0.4

0.1

10

1/4

2.0

1.0

18

0.9

0.1

6

0.9

0.1

9

1/8

2.6

0.5

24

2.5

0.3

6

1.5

0.3

18

0:1

5.3

0.2

3

2.9

0.1

2

2.8

0.1

2

APAP
Octanol

oNPOE

DOS

Partition Coefficient,

Partition Coefficient,

logPma

logPma

logPma

mean st.dev count

mean st.dev count

mean st.dev count

PVC/Plast Partition Coefficient,
Ratio

1/2

0.4

0.4

12

x

x

x

-0.5

0.4

20

1/4

0.5

0.2

26

-0.1

0.5

21

-0.6

0.3

17

1/8

0.5

0.1

18

-0.1

0.5

16

-0.8

0.5

28

0/1

0.5

0.1

8

(pooled)

0.5

0.2

64

-0.1

0.5

37

-0.6

0.4

65
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Appendix D. Script for Calculating Relative Variance and Relative Variance
Confidence Intervals
The following computer code or ‘script’ calculates the relative variance and relative
variance confidence intervals from two-stage nested samples. The algorithms are based
on those in Chapter 15, Section 9 of the textbook "Analysis of Variance for Random
Models", Volume II by Hardeo Sahai and Mario M Ojeda. In addition to the algorithm,
this textbook also included an example calculation: starting from the raw data of an
example study, intermediate parameters were then calculated, and finally relative
variance and relative variance confidence intervals were calculated. The accuracy of this
script was tested by assessing the raw data of the textbook example and confirming that
the output of the script matched the correct output show from the textbook. The script is
written in Python 2.7 and was run on an Anaconda 4.0 distribution.

########################################################################
########################################################################
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# -*- coding: utf-8 -*"""
Created on Thu Apr 28 15:20:39 2016

@author: James

Based on Chapter 15, Section 9 of the textbook
"Analysis of Variance for Random Models", Volume II by Sahai and Ojeda

"""

import numpy as np
import scipy as sp
import scipy.stats
import math
import xlrd
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study_textbook ={'samples':[
{'name':'Dam 1','subsamples':[
{'name':'Sire 1','observations':[7.48,7.48,7.52,7.54]},
{'name':'Sire 2','observations':[7.48,7.53,7.43,7.39]}
]},
{'name':'Dam 2','subsamples':[
{'name':'Sire 1','observations':[7.45,7.43,7.49,7.40,7.40]},
{'name':'Sire 2','observations':[7.50,7.45,7.43,7.36]}
]},
{'name':'Dam 3','subsamples':[
{'name':'Sire 1','observations':[7.40,7.45,7.42,7.48]},
{'name':'Sire 2','observations':[7.45,7.33,7.40,7.46]},
{'name':'Sire 3','observations':[7.40,7.47,7.40,7.47,7.47]}
]},
{'name':'Dam 4','subsamples':[
{'name':'Sire 1','observations':[7.38,7.48,7.46]},
{'name':'Sire 2','observations':[7.37,7.31,7.45,7.41]}
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]},
{'name':'Dam 5','subsamples':[
{'name':'Sire 1','observations':[7.44,7.51,7.49,7.51, 7.52]},
{'name':'Sire 2','observations':[7.49,7.49,7.49,7.50]},
{'name':'Sire 3','observations':[7.48,7.59,7.59]}
]},
{'name':'Dam 6','subsamples':[
{'name':'Sire 1','observations':[7.54,7.36,7.36,7.40]},
{'name':'Sire 2','observations':[7.44,7.47,7.48,7.48]},
{'name':'Sire 3','observations':[7.43,7.52,7.50,7.46,7.39]}
]},
{'name':'Dam 7','subsamples':[
{'name':'Sire 1','observations':[7.41,7.42,7.36,7.47]},
{'name':'Sire 2','observations':[7.47,7.36,7.43,7.38,7.41]},
{'name':'Sire 3','observations':[7.53,7.40,7.44,7.40,7.45]}
]},
{'name':'Dam 8','subsamples':[
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{'name':'Sire 1','observations':[7.52,7.53,7.48]},
{'name':'Sire 2','observations':[7.40,7.48,7.50,7.40,7.51]}
]},
{'name':'Dam 9','subsamples':[
{'name':'Sire 1','observations':[7.40,7.34,7.37,7.45]},
{'name':'Sire 2','observations':[7.42,7.37,7.46,7.40]}
]},
{'name':'Dam 10','subsamples':[
{'name':'Sire 1','observations':[7.39,7.31,7.30,7.41,7.48]},
{'name':'Sire 2','observations':[7.50,7.44,7.40,7.45]}
]},
{'name':'Dam 11','subsamples':[
{'name':'Sire 1','observations':[7.52,7.54,7.52,7.56,7.53]},
{'name':'Sire 2','observations':[7.56,7.39,7.52,7.49,7.48]}
]},
{'name':'Dam 12','subsamples':[
{'name':'Sire 1','observations':[7.50,7.45,7.43,7.44,7.49]},
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{'name':'Sire 2','observations':[7.52,7.43,7.38,7.33]}
]},
{'name':'Dam 13','subsamples':[
{'name':'Sire 1','observations':[7.39,7.37,7.33,7.43,7.42]},
{'name':'Sire 2','observations':[7.43,7.38,7.44]},
{'name':'Sire 3','observations':[7.46,7.44,7.37,7.54]}
]},
{'name':'Dam 14','subsamples':[
{'name':'Sire 1','observations':[7.50,7.53,7.51,7.43]},
{'name':'Sire 2','observations':[7.44,7.45,7.39,7.52]},
{'name':'Sire 3','observations':[7.42,7.48,7.45,7.51,7.48]}
]},
{'name':'Dam 15','subsamples':[
{'name':'Sire 1','observations':[7.47,7.49,7.45,7.43,7.42]},
{'name':'Sire 2','observations':[7.45,7.42,7.52,7.51,7.32]},
{'name':'Sire 3','observations':[7.51,7.51,7.53,7.45,7.51]}
]},
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]
}

def get_studies(fname = "diffusion.xls"):
studies = []
with xlrd.open_workbook(fname) as wb:
s = wb.sheet_by_index(0)

for row in range(1,s.nrows): # s.nrows
study_name=str(s.cell(row,0).value)
sample_name = str(s.cell(row,1).value)
a = [study for study in studies if study['name']==study_name]
if len(a)>0:
b = [sample for sample in a[0]['samples'] if sample['name']==sample_name]
else:
b=[]

115

#if you can find a corresponding study and sample
if a and b:
# add it
subsample = {'mean':float(s.cell(row,2).value),
'var':float(s.cell(row,3).value),
'nij':int(s.cell(row,4).value)}
b[0]['subsamples'].append(subsample)

#if you can only find a corresponding study
elif a and not b:
# add it as a new sample
sample = {'subsamples':[]}
sample['name'] = sample_name
subsample = {'mean':float(s.cell(row,2).value),
'var':float(s.cell(row,3).value),
'nij':int(s.cell(row,4).value)}
sample['subsamples'].append(subsample)
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a[0]['samples'].append(sample)

#else:
else:
# it's the first
study = {'samples':[]}
study['name'] = study_name
sample = {'subsamples':[]}
sample['name'] = sample_name

subsample = {'mean':float(s.cell(row,2).value),
'var':float(s.cell(row,3).value),
'nij':int(s.cell(row,4).value)}
sample['subsamples'].append(subsample)
study['samples'].append(sample)
studies.append(study)
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return studies

def Round_To_n(x, n):
if x==0:
return x
elif math.isnan(x):
return 0.0
else:
sign = np.sign(x)
input_mag = np.log10(abs(x))
prelim_mag = -int(np.floor(sign*input_mag))
final_mag = prelim_mag+n
return round(x, final_mag)

def F(v1,v2,a):
out = sp.stats.f.ppf(q=a,dfn=v1,dfd=v2)
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return out

def nested_confidence_interval_sahai(study,verbose=False):

for sample in study['samples']:
for subsample in sample['subsamples']:
if 'nij' not in subsample:
subsample['nij'] = np.count_nonzero(subsample['observations'])
if 'mean' not in subsample:
subsample['mean'] = sum(subsample['observations'])/subsample['nij']
if 'var' not in subsample:
subsample['var'] = np.var(subsample['observations'])

a = len(study['samples'])

# number of samples (ie. vials)

b_ = sum([len(sample['subsamples']) for sample in study['samples']])

# number of

subsamples (ie. scan rate sweeps)
n = sum([subsample['nij'] for sample in study['samples'] for subsample in
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sample['subsamples']])

#number of observations

if a>1 and b_>0 and b_-a>0:

# Add b and n_bar variables to each 'sample' see pg 311
# Calculate the "sample means" and the SSe for each subsample (see 15.5.1, first
summation)
for sample in study['samples']:
sample['b'] = len(sample['subsamples'])
sample['mean'] = sum([subsample['mean'] for subsample in
sample['subsamples']])/sample['b']
sample['n_bar'] = scipy.stats.hmean([subsample['nij'] for subsample in
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sample['subsamples']])
study['a'] = len(study['samples'])
study['mean'] = sum([sample['mean'] for sample in study['samples']])/study['a']

# see section 15.5
r1_star = (b_ - a) / sum([(sample['b']-1)/sample['n_bar'] for sample in
study['samples']])
r2_star = sum([1./sample['b'] for sample in study['samples']]) /
sum([1./(sample['b']*sample['n_bar']) for sample in study['samples']])
r3_star = a / sum([1./(sample['b']*sample['n_bar']) for sample in study['samples']])

# Unweighted sum of squares
SSau = r3_star*sum([(sample['mean']-study['mean'])**2 for sample in
study['samples']])
SSbu = r1_star*sum([(sample['mean']-subsample['mean'])**2 for sample in
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study['samples'] for subsample in sample['subsamples']])
sse = []
for sample in study['samples']:
for subsample in sample['subsamples']:
if 'observations' in subsample:
sse.append(sum([(observation-subsample['mean'])**2 for observation in
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subsample['observations']]))
else:
sse.append(subsample['var']*subsample['nij'])
SSE = sum(sse)

# Degrees of Freedom, etc
va = a-1
vb = b_-a
ve = n-b_
inf = 999999999
alp = .05

# "The mean squares are obtained by dividing the sums of squares by the
# corresponding degrees of freedom" section 15.5
MSau = SSau/va

#see 15.5 & 15.6.2

MSbu = SSbu/vb

#see 15.5 & 15.6.2

MSe = SSE/ve

#see 15.5 & 15.6.2
123

# The Variances and Variance Ratios
sigma2_e = MSe

sigma2_b = (MSbu-MSe)/r1_star

sigma2_a = (MSau - r2_star*sigma2_b - MSe) / r2_star
if sigma2_a<0: #
sigma2_a = 0

sigma2_tot = (sigma2_e + sigma2_b + sigma2_a)

rho_a = sigma2_a / sigma2_tot

rho_b = sigma2_b / sigma2_tot

rho_e = sigma2_e / sigma2_tot
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## Calculating the confidence intervals around rho_a and rho_b
# From section 15.9.5
p1 = r1_star
p2 = r2_star * F(va,vb,1-alp/2)
p3 = (r1_star-r2_star) * F(va,ve,1-alp/2)
p4 = r1_star
p5 = (r2_star-r3_star) * F(va,vb,1-alp/2)
p6 = (r1_star-r2_star+r3_star-r1_star*r3_star) * F(va,ve,1-alp/2)
p_1 = r1_star
p_2 = r2_star * F(va,vb,alp/2)
p_3 = (r1_star-r2_star) * F(va,ve,alp/2)
p_4 = r1_star
p_5 = (r2_star-r3_star) * F(va,vb,alp/2)
p_6 = (r1_star-r2_star+r3_star-r1_star*r3_star) * F(va,ve,alp/2)

q1 = F(vb,inf,1-alp/2)
125

q2 = (F(vb,ve,1-alp/2)-F(vb,inf,1-alp/2)) * F(vb,ve,1-alp/2)
q3 = F(vb,va,1-alp/2)
q4 = (r3_star-1)*F(vb,inf,1-alp/2)
q_1 = F(vb,inf,alp/2)
q_2 = (F(vb,ve,alp/2)-F(vb,inf,alp/2)) * F(vb,ve,alp/2)
q_3 = F(vb,va,alp/2)
q_4 = (r3_star-1)*F(vb,inf,alp/2)

rho_a_CI_upper = (p_1*MSau - p_2*MSbu - p_3*MSe) / (p_4*MSau - p_5*MSbu
- p_6*MSe)
rho_a_CI_lower = (p1*MSau - p2*MSbu - p3*MSe) / (p4*MSau - p5*MSbu p6*MSe)

Ub = (MSbu**2 - q_1*MSbu*MSe - q_2*MSe**2) / (q_3*MSau*MSbu +
q_4*MSbu*MSe)
Lb = (MSbu**2 - q1*MSbu*MSe - q2*MSe**2) / (q3*MSau*MSbu +
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q4*MSbu*MSe)

rho_b_CI_upper = (r3_star*Ub) / (r1_star+(r3_star-r2_star)*Ub)
rho_b_CI_lower = (r3_star*Lb) / (r1_star+(r3_star-r2_star)*Lb)

# None of the variance ratios confidence interval limits
# may be greater than 1.0 or less than 0.0
if rho_a_CI_upper>1.0:
rho_a_CI_upper=1.0
if rho_b_CI_upper>1.0:
rho_b_CI_upper=1.0
if rho_a_CI_lower<0.0:
rho_a_CI_lower=0.0
if rho_b_CI_lower<0.0:
rho_b_CI_lower=0.0

# Estimating of the confidence intervales about rho_e
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rho_e_CI_upper = 1.0-rho_a_CI_lower-rho_b_CI_lower
rho_e_CI_lower = 1.0-rho_a_CI_upper-rho_b_CI_upper

if rho_e_CI_upper>1.0:
rho_e_CI_upper=1.0
if rho_e_CI_lower<0.0:
rho_e_CI_lower=0.0

# Print out the results
print ""
if 'name' in study:
print study['name']," n=",n

if verbose is True:
# If your looking at results of study_textbook
# Compare to Sahai, Table 15.5 and Section 15.9.6
print "MSe=",Round_To_n(MSe,4)," MSbu=",Round_To_n(MSbu,4),"
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MSau=",Round_To_n(MSau,4)
print "a=",a," b=",b_,"ve=",ve," vb=",vb," va=",va
print "r1_star=",Round_To_n(r1_star,3)," r2_star=",Round_To_n(r2_star,3),"
r3_star=",Round_To_n(r3_star,3)
print "SSau=",Round_To_n(SSau,4)," SSbu=",Round_To_n(SSbu,4),"
SSE=",Round_To_n(SSE,4)
print "F[ve,inf;alp/2]=",Round_To_n(F(ve,inf,alp/2),4)," F[ve,inf;1alp/2]=",Round_To_n(F(ve,inf,1-alp/2),4)
print "sigma2_e=",Round_To_n(sigma2_e,2),"
sigma2_b=",Round_To_n(sigma2_b,2)," sigma2_a",Round_To_n(sigma2_a,2)
print "sigma2_tot",Round_To_n(sigma2_tot,2)
print ""

print "rho_a=",round(rho_a,2)," P{",round(rho_a_CI_lower,2),"< rho_a
<",round(rho_a_CI_upper,2),"}=.95"
print "rho_b=",round(rho_b,2)," P{",round(rho_b_CI_lower,2),"< rho_b
<",round(rho_b_CI_upper,2),"}=.95"
print "rho_e=",round(rho_e,2)," P{",round(rho_e_CI_lower,2),"< rho_b
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<",round(rho_e_CI_upper,2),"}=.95"

return rho_a,rho_b,rho_e
else:
return None,None,None

def get_medians(studies):
r_a = []
r_b = []
r_e = []
for study in studies:
rho_a,rho_b,rho_e = nested_confidence_interval_sahai(study)
if rho_a:
r_a.append(rho_a)
r_b.append(rho_b)
r_e.append(rho_e)
print ""
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print "median rho_a: ",round(np.median(r_a),1)
print "median rho_b: ",round(np.median(r_b),1)
print "median rho_e: ",round(np.median(r_e),1)

if __name__ == "__main__":
print ""
print "Compare to Sahai and Ojeda, Table 15.5 and Section 15.9.6 "
nested_confidence_interval_sahai(study_octanol_11_apap,verbose=True)
get_medians(get_studies())
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Appendix E. Relative Variance of the Three Sources of Variation For Each
Membrane Composition & Analyte Pair
The names of the membrane composition & analyte pairs are is indicated by
“plasticizer_%PVC_analyte”. The %PVC values 11, 19, and 32 correspond to
PVC/plasticizer ratios of 1/8, 1/4, and ½ respectively.

The label “rho_a” refes to the relative variance between vials. The label “rho_b” refes to
the relative variance between scan rate sweeps (within the same vial). The label “rho_e”
refes to the relative variance within scan rate sweeps.

For each relative variance value, the estimated value is displayed as well as the 95%
confidence interval, denoted by “ P{ (lower limit) < rho_x < (upper limit) }=.95”

Finally, the median relative variances of all composition & analyte pairs are also show.
######################################################################

dos_11_apap
rho_a= 0.78 P{ 0.0 < rho_a < 0.97 }=.95
rho_b= 0.22 P{ 0.03 < rho_b < 0.99 }=.95
rho_e= 0.01 P{ 0.0 < rho_b < 0.97 }=.95
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dos_19_apap
rho_a= 0.44 P{ 0.0 < rho_a < 0.95 }=.95
rho_b= 0.43 P{ 0.03 < rho_b < 1.0 }=.95
rho_e= 0.13 P{ 0.0 < rho_b < 0.97 }=.95

dos_32_apap
rho_a= 0.42 P{ 0.0 < rho_a < 0.92 }=.95
rho_b= 0.53 P{ 0.07 < rho_b < 1.0 }=.95
rho_e= 0.05 P{ 0.0 < rho_b < 0.93 }=.95

octanol_11_apap
rho_a= 0.84 P{ 0.22 < rho_a < 0.95 }=.95
rho_b= 0.15 P{ 0.05 < rho_b < 0.76 }=.95
rho_e= 0.01 P{ 0.0 < rho_b < 0.73 }=.95

octanol_19_apap
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rho_a= 0.0 P{ 0.0 < rho_a < 0.45 }=.95
rho_b= 0.79 P{ 0.39 < rho_b < 1.0 }=.95
rho_e= 0.21 P{ 0.0 < rho_b < 0.61 }=.95

octanol_32_apap
rho_a= 0.6 P{ 0.0 < rho_a < 0.92 }=.95
rho_b= 0.37 P{ 0.07 < rho_b < 1.0 }=.95
rho_e= 0.03 P{ 0.0 < rho_b < 0.93 }=.95

onpoe_11_apap
rho_a= 0.0 P{ 0.0 < rho_a < 0.99 }=.95
rho_b= 0.98 P{ 0.01 < rho_b < 1.0 }=.95
rho_e= 0.02 P{ 0.0 < rho_b < 0.99 }=.95

onpoe_19_apap
rho_a= 0.0 P{ 0.0 < rho_a < 0.99 }=.95
rho_b= 0.85 P{ 0.01 < rho_b < 1.0 }=.95
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rho_e= 0.15 P{ 0.0 < rho_b < 0.99 }=.95

dos_32_dipp
rho_a= 0.99 P{ 0.81 < rho_a < 1.0 }=.95
rho_b= -0.0 P{ 0.0 < rho_b < 0.13 }=.95
rho_e= 0.02 P{ 0.0 < rho_b < 0.19 }=.95

octanol_11_dipp
rho_a= 0.0 P{ 0.0 < rho_a < 0.62 }=.95
rho_b= 0.89 P{ 0.33 < rho_b < 1.0 }=.95
rho_e= 0.11 P{ 0.0 < rho_b < 0.67 }=.95

onpoe_32_dipp
rho_a= 0.85 P{ 0.18 < rho_a < 0.98 }=.95
rho_b= 0.1 P{ 0.01 < rho_b < 0.72 }=.95
rho_e= 0.05 P{ 0.0 < rho_b < 0.81 }=.95
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dos_11_fccooh
rho_a= 0.0 P{ 0.0 < rho_a < 0.99 }=.95
rho_b= 0.69 P{ 0.01 < rho_b < 1.0 }=.95
rho_e= 0.31 P{ 0.0 < rho_b < 0.99 }=.95

dos_19_fccooh
rho_a= 0.0 P{ 0.0 < rho_a < 0.98 }=.95
rho_b= 0.95 P{ 0.02 < rho_b < 1.0 }=.95
rho_e= 0.05 P{ 0.0 < rho_b < 0.98 }=.95

dos_32_fccooh
rho_a= 0.68 P{ 0.0 < rho_a < 0.97 }=.95
rho_b= 0.28 P{ 0.02 < rho_b < 1.0 }=.95
rho_e= 0.05 P{ 0.0 < rho_b < 0.98 }=.95

octanol_11_fccooh
rho_a= 0.94 P{ 0.18 < rho_a < 1.0 }=.95
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rho_b= 0.05 P{ 0.0 < rho_b < 0.8 }=.95
rho_e= 0.01 P{ 0.0 < rho_b < 0.82 }=.95

octanol_19_fccooh
rho_a= 0.81 P{ 0.0 < rho_a < 1.0 }=.95
rho_b= 0.16 P{ 0.0 < rho_b < 1.0 }=.95
rho_e= 0.03 P{ 0.0 < rho_b < 1.0 }=.95

octanol_32_fccooh
rho_a= 0.89 P{ 0.13 < rho_a < 0.99 }=.95
rho_b= 0.09 P{ 0.01 < rho_b < 0.82 }=.95
rho_e= 0.02 P{ 0.0 < rho_b < 0.86 }=.95

onpoe_11_fccooh
rho_a= 0.73 P{ 0.0 < rho_a < 0.93 }=.95
rho_b= 0.17 P{ 0.04 < rho_b < 0.87 }=.95
rho_e= 0.1 P{ 0.0 < rho_b < 0.96 }=.95
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onpoe_19_fccooh
rho_a= 0.01 P{ 0.0 < rho_a < 0.76 }=.95
rho_b= 0.98 P{ 0.24 < rho_b < 1.0 }=.95
rho_e= 0.01 P{ 0.0 < rho_b < 0.76 }=.95

onpoe_32_fccooh
rho_a= 0.94 P{ 0.77 < rho_a < 0.98 }=.95
rho_b= 0.01 P{ 0.0 < rho_b < 0.13 }=.95
rho_e= 0.05 P{ 0.0 < rho_b < 0.23 }=.95

median rho_a: 0.8
median rho_b: 0.2
median rho_e: 0.0

138

Appendix F. Data for Calculating Relative Variance and Relative Variance
Confidence Intervals of Diffusion Coefficients.
Note: the study name is indicated by “plasticizer_%PVC_analyte”. The %PVC values
11, 19, and 32 correspond to PVC/plasticizer ratios of 1/8, 1/4, and ½ respectively.
Study
dos_11_apap

Sample Est. Dm
1
1.39E-7

VAR
COUNT
6.27E-18
8

dos_11_apap

1

1.37E-7

4.16E-17

8

dos_11_apap

1

2.20E-7

4.25E-17

5

dos_11_apap

1

1.58E-7

6.41E-18

8

dos_11_apap

1

2.04E-7

4.74E-17

8

dos_11_apap

1

1.52E-7

1.28E-17

8

dos_11_apap

2

1.31E-7

5.63E-18

8

dos_11_apap

2

1.43E-7

6.29E-18

8

dos_11_apap

2

1.47E-7

1.91E-17

8

dos_11_apap

2

1.47E-7

5.79E-18

8

dos_11_apap

2

1.56E-7

2.46E-17

8

dos_11_apap

2

1.29E-7

3.49E-17

8

dos_11_apap

3

1.19E-7

5.15E-18

8

dos_11_apap

3

1.42E-7

1.68E-17

8

dos_11_apap

3

1.30E-7

5.19E-18

8

dos_11_apap

3

1.27E-7

3.78E-18

8

dos_11_apap

3

1.42E-7

5.32E-18

8

dos_11_apap

3

1.29E-7

4.90E-18

8

dos_19_apap

1

8.01E-8

6.40E-18

8

dos_19_apap

1

8.20E-8

1.46E-17

8

dos_19_apap

1

7.98E-8

3.58E-17

8

dos_19_apap

2

9.53E-8

4.57E-18

8

dos_19_apap

2

9.48E-8

9.17E-18

8

dos_19_apap

2

8.94E-8

2.72E-17

8

dos_19_apap

3

8.90E-8

9.06E-18

8

dos_19_apap

3

7.27E-8

3.90E-18

8

dos_19_apap

3

9.81E-8

2.64E-17

8

dos_32_apap

1

5.39E-8

7.31E-19

5
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Study

Sample Est. Dm

VAR

COUNT

dos_32_apap

2

3.26E-8

4.42E-18

8

dos_32_apap

2

2.75E-8

1.25E-17

8

dos_32_apap

2

4.83E-8

1.08E-17

8

dos_32_apap

3

3.99E-8

3.87E-18

8

dos_32_apap

3

4.82E-8

5.17E-18

8

dos_32_apap

3

3.90E-8

1.00E-17

8

dos_32_apap

4

4.88E-8

1.86E-18

8

dos_32_apap

4

4.13E-8

1.91E-18

8

dos_32_apap

4

5.64E-8

2.95E-18

8

octanol_11_apap

1

1.54E-7

2.06E-17

8

octanol_11_apap

2

2.36E-7

1.13E-17

8

octanol_11_apap

2

2.10E-7

2.86E-18

8

octanol_11_apap

2

2.42E-7

5.06E-18

8

octanol_11_apap

2

1.81E-7

4.12E-17

5

octanol_11_apap

2

1.97E-7

2.71E-17

8

octanol_11_apap

3

2.50E-7

3.70E-17

9

octanol_11_apap

3

2.25E-7

3.56E-16

9

octanol_11_apap

3

2.66E-7

1.02E-16

9

octanol_11_apap

3

2.61E-7

3.78E-17

9

octanol_11_apap

3

2.81E-7

1.71E-16

9

octanol_11_apap

3

3.22E-7

5.57E-17

8

octanol_11_apap

4

2.82E-7

1.33E-16

8

octanol_11_apap

4

2.82E-7

7.40E-18

9

octanol_11_apap

4

2.57E-7

8.58E-17

8

octanol_11_apap

4

3.17E-7

5.57E-17

9

octanol_11_apap

4

2.57E-7

2.10E-17

9

octanol_11_apap

4

2.81E-7

4.67E-17

9

octanol_11_apap

5

2.13E-7

9.51E-18

8

octanol_11_apap

5

2.66E-7

1.27E-17

9

octanol_11_apap

5

2.56E-7

1.16E-17

9

octanol_11_apap

5

2.77E-7

2.22E-16

8

octanol_11_apap

5

3.77E-7

4.18E-17

9

octanol_11_apap

5

3.01E-7

6.16E-17

9

octanol_19_apap

1

1.71E-7

1.18E-17

8
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Study

Sample Est. Dm

VAR

COUNT

octanol_19_apap

2

2.12E-7

4.82E-18

8

octanol_19_apap

2

1.92E-7

5.51E-17

8

octanol_19_apap

2

1.77E-7

3.45E-17

8

octanol_19_apap

2

1.41E-7

4.01E-18

8

octanol_19_apap

2

1.44E-7

1.41E-17

8

octanol_19_apap

3

2.98E-8

3.15E-17

7

octanol_19_apap

3

2.00E-7

1.34E-16

9

octanol_19_apap

3

2.21E-7

1.79E-16

9

octanol_19_apap

3

6.59E-7

8.69E-14

8

octanol_19_apap

3

3.06E-7

1.36E-16

9

octanol_19_apap

3

2.11E-8

1.85E-17

8

octanol_19_apap

4

2.38E-7

2.83E-16

9

octanol_19_apap

4

4.70E-7

7.24E-16

7

octanol_19_apap

4

3.35E-7

1.23E-14

9

octanol_19_apap

4

1.58E-7

2.42E-17

8

octanol_19_apap

4

2.10E-7

5.05E-17

9

octanol_19_apap

4

1.98E-7

2.55E-17

9

octanol_32_apap

1

1.18E-7

1.63E-17

8

octanol_32_apap

2

1.57E-7

7.55E-17

8

octanol_32_apap

3

1.02E-7

5.69E-18

8

octanol_32_apap

4

7.42E-8

3.68E-18

6

octanol_32_apap

5

1.12E-7

4.91E-18

9

octanol_32_apap

6

1.06E-7

1.06E-17

9

octanol_32_apap

6

1.39E-7

1.77E-17

8

octanol_32_apap

6

1.05E-7

3.48E-17

8

octanol_32_apap

7

1.26E-7

4.68E-18

7

octanol_32_apap

7

1.48E-7

5.77E-17

9

onpoe_11_apap

1

2.76E-7

2.43E-17

5

onpoe_11_apap

1

2.52E-7

9.04E-18

5

onpoe_11_apap

1

2.14E-7

6.35E-18

5

onpoe_11_apap

2

2.41E-7

3.05E-17

5

onpoe_11_apap

2

2.83E-7

1.40E-18

5

onpoe_11_apap

2

2.52E-7

4.84E-18

5

onpoe_19_apap

1

8.02E-8

1.58E-17

5
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Study

Sample Est. Dm

VAR

COUNT

onpoe_19_apap

1

1.00E-7

3.38E-18

5

onpoe_19_apap

1

9.59E-8

2.28E-17

5

onpoe_19_apap

2

1.01E-7

4.08E-18

5

onpoe_19_apap

2

9.79E-8

1.33E-18

5

onpoe_19_apap

2

9.17E-8

8.08E-18

5

onpoe_32_apap

1

1.51E-8

3.09E-18

8

onpoe_32_apap

2

9.13E-8

2.20E-15

7

onpoe_32_apap

3

7.11E-8

3.80E-16

9

onpoe_32_apap

4

5.21E-8

3.83E-19

5

dos_11_dipp

1

4.65E-7

9.14E-16

3

dos_11_dipp

1

4.22E-7

4.06E-17

3

dos_11_dipp

1

4.94E-7

4.47E-16

3

dos_19_dipp

1

3.94E-7

1.99E-16

3

dos_19_dipp

1

3.02E-7

2.35E-16

4

dos_19_dipp

1

3.63E-7

2.74E-16

3

dos_32_dipp

1

3.66E-7

1.13E-16

3

dos_32_dipp

2

1.95E-7

5.64E-16

3

dos_32_dipp

3

2.05E-7

1.38E-16

2

dos_32_dipp

4

2.25E-7

3.06E-17

3

dos_32_dipp

4

2.10E-7

7.27E-17

3

dos_32_dipp

4

1.99E-7

2.00E-16

3

octanol_11_dipp

1

5.68E-7

7.10E-15

7

octanol_11_dipp

1

7.20E-7

1.94E-14

6

octanol_11_dipp

1

6.68E-7

7.96E-16

6

octanol_11_dipp

1

1.02E-6

3.26E-14

6

octanol_11_dipp

1

5.87E-7

6.68E-15

6

octanol_11_dipp

1

1.34E-6

6.49E-14

6

octanol_11_dipp

1

6.36E-7

3.27E-15

6

octanol_11_dipp

2

2.97E-7

1.85E-15

5

octanol_11_dipp

2

1.09E-6

2.15E-15

6

octanol_11_dipp

2

7.36E-7

1.87E-14

6

octanol_11_dipp

2

5.32E-7

9.52E-15

6

octanol_11_dipp

2

1.12E-6

6.09E-15

6

octanol_11_dipp

2

7.51E-7

1.88E-15

6
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Sample Est. Dm

VAR

COUNT

octanol_11_dipp

2

4.97E-7

3.97E-16

6

octanol_11_dipp

2

6.27E-7

5.10E-15

6

octanol_11_dipp

3

7.74E-7

7.33E-15

6

octanol_11_dipp

3

1.10E-6

3.30E-15

6

octanol_11_dipp

3

1.06E-6

2.56E-15

6

octanol_11_dipp

3

4.29E-7

1.43E-14

6

octanol_11_dipp

3

3.66E-7

1.69E-16

6

octanol_11_dipp

3

1.23E-6

4.38E-15

6

octanol_11_dipp

3

7.83E-7

7.00E-15

6

octanol_11_dipp

3

1.23E-6

3.06E-15

6

octanol_11_dipp

3

5.79E-7

1.88E-15

6

octanol_19_dipp

1

5.18E-7

0.00E+0

1

octanol_19_dipp

1

4.09E-7

0.00E+0

1

octanol_19_dipp

1

3.45E-7

0.00E+0

1

octanol_19_dipp

1

2.88E-7

0.00E+0

1

octanol_19_dipp

1

6.91E-7

0.00E+0

1

octanol_19_dipp

1

2.30E-7

0.00E+0

1

octanol_32_dipp

1

8.91E-7

1.81E-16

3

octanol_32_dipp

1

7.31E-7

0.00E+0

1

octanol_32_dipp

1

4.55E-7

0.00E+0

1

octanol_32_dipp

1

6.91E-7

0.00E+0

1

octanol_32_dipp

1

1.27E-7

0.00E+0

1

octanol_32_dipp

1

1.90E-7

0.00E+0

1

onpoe_32_dipp

1

4.46E-7

8.76E-15

5

onpoe_32_dipp

2

5.81E-7

1.38E-16

8

onpoe_32_dipp

2

6.12E-7

1.46E-16

8

onpoe_32_dipp

2

6.13E-7

7.21E-17

8

onpoe_32_dipp

3

5.47E-7

1.26E-16

8

onpoe_32_dipp

3

5.71E-7

1.78E-16

8

onpoe_32_dipp

3

5.25E-7

4.31E-16

8

onpoe_32_dipp

4

6.23E-7

8.81E-17

8

onpoe_32_dipp

4

7.04E-7

9.38E-17

8

onpoe_32_dipp

4

6.76E-7

3.64E-16

8

onpoe_32_dipp

4

5.74E-7

1.13E-17

8
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Sample Est. Dm

VAR

COUNT

dos_11_fccooh

1

1.09E-7

3.27E-17

6

dos_11_fccooh

1

1.31E-7

1.43E-17

6

dos_11_fccooh

2

1.44E-7

1.21E-15

6

dos_11_fccooh

2

1.09E-7

3.16E-18

6

dos_11_fccooh

2

1.26E-7

5.84E-18

6

dos_11_fccooh

2

8.65E-8

9.90E-18

5

dos_11_fccooh

2

8.84E-8

1.26E-18

5

dos_11_fccooh

2

9.42E-8

5.79E-18

6

dos_19_fccooh

1

3.02E-8

2.12E-17

7

dos_19_fccooh

1

1.41E-8

6.92E-19

6

dos_19_fccooh

1

1.13E-7

1.18E-16

5

dos_19_fccooh

2

8.38E-8

2.36E-16

7

dos_19_fccooh

2

5.35E-8

1.68E-17

6

dos_19_fccooh

2

6.25E-8

2.43E-18

6

dos_32_fccooh

1

6.85E-8

7.74E-16

8

dos_32_fccooh

1

6.57E-8

4.24E-17

8

dos_32_fccooh

1

1.43E-7

3.41E-17

8

dos_32_fccooh

2

7.04E-8

1.47E-16

8

dos_32_fccooh

2

8.57E-8

1.14E-17

8

dos_32_fccooh

2

3.10E-8

2.23E-17

8

dos_32_fccooh

3

1.94E-8

1.30E-17

8

dos_32_fccooh

3

3.33E-8

6.77E-18

8

dos_32_fccooh

3

3.12E-8

1.51E-16

8

octanol_11_fccooh

1

3.87E-7

7.29E-16

5

octanol_11_fccooh

1

2.00E-7

9.10E-16

7

octanol_11_fccooh

1

3.54E-7

2.24E-16

5

octanol_11_fccooh

2

5.21E-7

6.72E-16

9

octanol_11_fccooh

2

5.73E-7

4.17E-16

5

octanol_11_fccooh

2

5.03E-7

1.08E-16

5

octanol_11_fccooh

2

5.29E-7

1.46E-16

4

octanol_19_fccooh

1

1.39E-7

5.90E-18

4

octanol_19_fccooh

1

2.91E-7

1.35E-17

5

octanol_19_fccooh

1

3.38E-7

4.06E-17

7

octanol_19_fccooh

2

5.50E-7

6.96E-15

6
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Sample Est. Dm

VAR

COUNT

octanol_19_fccooh

2

3.39E-7

4.77E-16

5

octanol_19_fccooh

2

3.92E-7

6.12E-16

6

octanol_19_fccooh

2

4.68E-7

2.08E-16

4

octanol_19_fccooh

2

3.52E-7

5.62E-17

6

octanol_32_fccooh

1

2.49E-7

3.70E-17

8

octanol_32_fccooh

1

2.50E-7

5.93E-17

8

octanol_32_fccooh

1

3.73E-7

2.50E-15

4

octanol_32_fccooh

2

3.28E-7

1.28E-15

5

octanol_32_fccooh

2

3.16E-7

9.31E-17

7

octanol_32_fccooh

2

3.45E-7

1.45E-16

7

octanol_32_fccooh

3

1.94E-7

2.67E-16

5

octanol_32_fccooh

3

1.63E-7

5.71E-17

5

octanol_32_fccooh

3

1.46E-7

6.51E-16

6

onpoe_11_fccooh

1

1.26E-7

1.44E-17

1

onpoe_11_fccooh

2

1.52E-7

5.78E-17

7

onpoe_11_fccooh

3

1.44E-7

2.54E-18

6

onpoe_11_fccooh

3

1.53E-7

9.19E-18

6

onpoe_11_fccooh

3

1.17E-7

1.12E-17

6

onpoe_11_fccooh

4

2.67E-7

7.67E-18

5

onpoe_11_fccooh

4

2.37E-7

7.05E-18

5

onpoe_11_fccooh

5

2.71E-7

2.02E-17

5

onpoe_11_fccooh

5

2.68E-7

3.43E-15

9

onpoe_11_fccooh

5

2.66E-7

1.31E-15

6

onpoe_11_fccooh

6

3.34E-7

1.25E-15

5

onpoe_11_fccooh

6

3.77E-7

3.75E-15

5

onpoe_11_fccooh

6

2.15E-7

5.38E-16

5

onpoe_11_fccooh

6

3.84E-7

1.73E-15

5

onpoe_19_fccooh

1

6.52E-8

6.80E-18

1

onpoe_19_fccooh

2

9.81E-8

2.38E-17

15

onpoe_19_fccooh

3

1.26E-7

3.92E-17

10

onpoe_19_fccooh

4

1.17E-7

3.40E-17

10

onpoe_19_fccooh

5

1.94E-7

3.21E-17

7

onpoe_19_fccooh

5

1.31E-7

4.35E-18

6

onpoe_19_fccooh

5

1.33E-7

9.15E-18

7
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Sample Est. Dm

VAR

COUNT

onpoe_19_fccooh

5

1.39E-7

6.96E-18

6

onpoe_19_fccooh

5

1.39E-7

2.38E-18

5

onpoe_19_fccooh

5

1.51E-7

1.06E-17

5

onpoe_19_fccooh

6

1.77E-7

1.44E-16

5

onpoe_19_fccooh

6

2.61E-7

1.30E-16

5

onpoe_19_fccooh

6

1.23E-7

1.05E-16

5

onpoe_19_fccooh

7

2.78E-7

1.11E-17

5

onpoe_19_fccooh

7

1.61E-7

3.37E-17

5

onpoe_19_fccooh

7

1.20E-7

4.07E-18

5

onpoe_32_fccooh

1

4.15E-8

4.30E-18

9

onpoe_32_fccooh

2

2.23E-8

1.38E-18

5

onpoe_32_fccooh

3

6.23E-8

6.66E-19

4

onpoe_32_fccooh

4

5.69E-8

1.17E-17

5

onpoe_32_fccooh

5

6.87E-8

5.80E-17

5

onpoe_32_fccooh

6

8.27E-8

2.10E-18

5

onpoe_32_fccooh

7

6.19E-8

2.72E-18

5

onpoe_32_fccooh

7

6.96E-8

1.15E-18

5

onpoe_32_fccooh

8

8.94E-8

8.56E-18

5

onpoe_32_fccooh

8

9.67E-8

4.37E-18

6

onpoe_32_fccooh

9

1.30E-7

1.30E-16

5

onpoe_32_fccooh

9

1.22E-7

1.13E-16

5

onpoe_32_fccooh

10

8.49E-8

1.55E-16

5

onpoe_32_fccooh

10

8.41E-8

8.59E-17

5

onpoe_32_fccooh

10

8.19E-8

7.59E-17

5
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